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Condensing Enzyme in Garcinia Leaves 


(Xanthochymus guttiferae) 


W. M. DESHPANDE AND C. V. RAMAKRISHNAN 


From the Biochemistry Department, Maharaja Sayajirao University of Baroda, Baroda, India 


(Received for publication, December 29, 1958) 


The presence of the condensing enzyme has been demonstrated 
in animal tissues, yeast and bacteria (1, 2) and molds (3). How- 
ever despite the fact that many plant tissues like Garcinia 
(Xanthochymus guttiferae) accumulate citric acid, there have 
been few reports on the presence of the condensing enzyme in 
plants. This paper describes the partial purification and prop- 
erties of the condensing enzyme in Garcinia leaves. 


EXPERIMENTAL 


Materials and Methods 


Oxaloacetic acid was prepared by the method of Roberts (4), 
dilithium acetyl phosphate by the method of Avison (5), coen- 
zyme A according to Beinert et al. (6), and calcium phosphate gel 
as described by Keilin and Hartree (7). Transacetylase, in the 
form of an ammonium sulfate fraction, was prepared from 
Escherichia coli, N.R.C. 428, as described by Ramakrishnan and 
Martin (3). 1-Cysteine hydrochloride was a commercial prep- 
aration. 

Analytical Methods—Citric and aconitic acids were determined 
by the method of Saffran and Denstedt (8), acetyl phosphate by 
the method of Lipmann and Tuttle (9), and protein by the 
method of Weichselbaum (10). The product of the enzymic 
reaction was identified as citric acid by paper chromatography 
in n-butanol-formic acid-water (5:1:4) as described by Varma 
and Ramakrishnan (11). 

Enzyme Assay—The assay system, which is essentially the 
same as that used by Ochoa et al. (1), is based on the following 
reactions. 


Acetyl phosphate + CoA 


transacetylase 





»acetyl CoA + phosphate (1) 





Acetyl CoA + oxaloacetate 


condensing 
~~ Citrate + CoA (2) 

enzyme 
Each milliliter of reaction mixture contained phosphate buffer 
pH 7.0, 10 umoles; potassium oxaloacetate pH 7, 20 umoles; 
MgCl. 8 wmoles; potassium L-cysteine hydrochloride pH 7, 10 
umoles; dilithium acetyl phosphate, 8 wmoles; CoA, 12 units; 
ammonium sulfate fraction of Z. coli (9 mg. of protein per ml.), 
0.04 ml.; and condensing enzyme preparation. After addition 
of the enzyme, the mixture was incubated for 40 minutes at 30°, 
and the reaction stopped by heating at 100° for 15 minutes. 
After cooling in ice, 1 ml. of 10 per cent trichloroacetic acid was 
added and the resulting precipitate was removed by centrifuga- 


tion at 1560 xX g. Citric (plus aconitic) acid was determined 
on the supernatant solution. When the utilization of acetyl 
phosphate was determined no trichloroacetic acid was added to 
the samples used for the analysis of this compound. 

Under the conditions outlined above, the rate of formation of 
citrate was proportional to the concentration of the enzyme. A 
unit of condensing enzyme is defined as the amount which, under 
the conditions of the assay, catalyzed the synthesis of 1 umole 
of citrate in 40 minutes at 30°. The specific activity of the 
enzyme is expressed as units per mg. of protein. 


Isolation of Enzyme 


Fresh Garcinia leaves were brought to the laboratory in trays 
covered with ice. Leaves in which the latex (which was found 
to inhibit the enzyme) oozed out were discarded. After remov- 
ing the central veins, the leaves were cut into very thin pieces 
and ground in a chilled mortar for 15 minutes at 1° with one- 
half their weight of Alcoa alumina A-301 and twice the volume 
of 0.02 m phosphate buffer, pH 7.2 (henceforth referred to as 
buffer). The extract (Fraction A) was recovered by centrifuga- 
tion at 18400 x g at 0° for 20 minutes. To the residue obtained 
after centrifugation of 25 ml. of calcium phosphate gel (8 mg. 
dry weight per ml.), 50 ml. of extract were added. The mixture 
was stirred frequently and centrifuged after 10 minutes. The 
supernatant fluid (Fraction B) was dialyzed for 4 hours against 
buffer at 0° and then centrifuged to remove any denatured 
protein. 

Of the above solution, 50 ml. were brought to 60 per cent 
saturation with solid ammonium sulphate (42 gm./100 ml.) and 
allowed to stand at 0° for 10 minutes. The precipitate was 
removed by centrifugation at 12800 x g and 0° for 15 minutes 
and dissolved in buffer to a volume of 30 ml. (Fraction C). This 
solution was then refractionated with solid ammonium sulfate 
and the fraction precipitating between 30 and 50 per cent satura- 
tion was dissolved in buffer to a volume of 15 ml. (Fraction D). 

To Fraction D was added 0.5 volume of calcium phosphate 
gel (8 mg. dry weight per ml.) and the mixture was allowed to 
stand for 10 minutes with occasional stirring. The gel was re- 
moved by centrifugation and discarded. The supernatant (Frac- 
tion E) was used for further fractionation. 

Of the supernatant (Fraction E), 22.5 ml. were brought to 35 
per cent saturation with solid ammonium sulfate (24.5 gm./100 
ml.) and allowed to stand at 0° for 10 minutes. After removal 
of the precipitate by centrifugation at 4600 x g and 0° for 10 
minutes, the supernatant was brought to 45 per cent saturation 
by adding a further 7 gm. of ammonium sulfate per 100 ml. of 
solution. The resulting precipitate was removed by centrifuga- 


1929 

















1930 
TaBLeE I 
Purification of the condensing enzyme* 
Volume : 
. Total Total | Specifi . 
Fraction Me. Si bec hf activity Yield 
ml. mg. wy % 
A. Extract 50 115.6 | 290 0.4 | 100 
B. Supernatant, Ist gel 50 87.0 | 195 0.45 | 75 
C. (NH,).S0, fraction (0- | 30 77.4 | 45 4.7 67 
60%) 
D. (NH4)2SO, fraction (30- | 15 68.9 | 15 4.6 60 
507%) 
E. Supernatant, 2nd gel 22.5) 66.4] 11.3] 5.9 58 
F. (NH4,)2S0, fraction (35- | 3.4 | 46.9 3.4 | 13.8 41 
45%) 
G. Supernatant, 3rd gel 4.7 | 45.6 0.9 | 50.6 39 




















* 25 gm. fresh weight of the leaves were used. 


TABLE II 
Reaction balance for citrate synthesis* 





Acetyl phosphate | 


Incubation mixture Citrate formed 























disappeared 
‘ eV" . pmoles 
Complete............ 1.68 1.64 
Oe” 0.04 0.02 
| 
* Enzyme Fraction F (0.12 ml.) was used. 
TaBLe III 
Effect of leaf latex* 
ee -* Activity Inhibition 
ml, = a aie. a per ome ange 
0.00 0.435 0 
0.01 0.435 0 
0.02 0.218 50 
0.03 0.087 80 
0.04t 0.000 100 











* Enzyme Fraction F (0.03 ml.) was used. 
T 0.04 ml. of alcohol alone added to the system produced only 
2 per cent inhibition of enzyme activity. 


tion at 12800 x g and 0° for 10 minutes and dissolved in buffer 
to a volume of 3.4 ml. (Fraction F). To this solution 0.5 volume 
of calcium phosphate gel was added and the mixture was allowed 
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to stand for 10 minutes with occasional stirring. The gel was 
removed by centrifugation at 4600 x g for 10 minutes and dis- 
carded. The supernatant (Fraction G) thus obtained showed 
the highest specific activity (Table I). 

The stability of the enzyme at —10° decreased with increasing 
purification; the crude extract remained active for 4 days but 
Fraction G for 4 hours only. The enzyme was destroyed by 
heating for 40 minutes at 50°. 


RESULTS 


As shown in Table II, nearly 1 umole of citrate was produced 
for every umole of acetyl phosphate used up. There was essen- 
tially no reaction in the absence of added CoA. 

The K » values (Michaelis-Menten constant), under the condi- 
tions of the assay, were found to be 3.81 x 10-* and 3.82 x 107 
for acetyl phosphate and oxaloacetate, respectively. The opti- 
mal pH was 7.0. 

Natural Inhibitor—The latex oozing out from the central veins 
of the leaves was suspected of containing an inhibitor because 
enzyme extracts prepared from whole mature leaves, in which 
there was an abundant exudation of latex, had less activity than 
those not contaminated by latex. An alcoholic solution of the 
latex was prepared by adding 13.5 mg. of latex to 2 ml. of 75 per 
cent ethanol and centrifuging at 128 X g for 10 minutes. The 
effect of different amounts of this solution is shown in Table III. 
The addition of 0.04 ml. of latex extract per ml. of reaction mix- 
ture produced 98 per cent inhibition. This suggests that the 
latex, which did not accelerate the spontaneous decarboxylation 
of oxaloacetic acid, contains a natural inhibitor. 


SUMMARY 


Extracts of Garcinia leaves have been shown to contain con- 
densing enzyme through the formation of citrate from acetyl 
phosphate and oxaloacetate in the presence of coenzyme A and 
an Escherichia coli fraction as a source of transacetylase. A 
procedure is described for the partial purification of the enzyme. 
The formation of citrate, which is accompanied by the disappear- 
ance of a stoichiometric amount of acetyl phosphate, is inhibited 
by alcoholic extracts of Garcinia latex. 
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Our studies of the metabolism of L-arabinose by Propionibac- 
terium pentosaceum have demonstrated that L-arabinose is 
degraded via phosphorylated intermediates. In addition to p- 
ribose 5-phosphate and p-ribulose 5-phosphate, p-arabinose 5- 
phosphate was found in a mixture of pentose phosphates result- 
ing from the action of cell-free extracts on L-arabinose in the 
presence of adenosine triphosphate. In an earlier report from 
this laboratory the erroneous assumption was made that the 
arabinose phosphate formed was L-arabinose 5-phosphate (1). 
Subsequent data have revealed that the arabinose phosphate is 
actually p-arabinose 5-phosphate. The following report de- 
scribes the isolation and identification of p-arabinose 5-phosphate 
and provides evidence supporting the mechanism of formation 
of p-arabinose 5-phosphate from L-arabinose and ATP. 


EXPERIMENTAL AND RESULTS 


Materials and Analytical Methods 


ATP, ribose 5-phosphate, and reduced glutathione were ob- 
tained from Schwarz Laboratories, Inc. We are grateful to Dr. 
W. A. Wood, University of Illinois, for a sample of sedoheptulose 
free of sedoheptulosan. pD-Ribulose was prepared by refluxing 
p-arabinose in pyridine. Since the strain of P. pentosaceum 
used in these studies can neither isomerize nor phosphorylate 
the p moiety, no attempt was made to remove the last traces of 
p-arabinose from the p-ribulose preparation. 1-Ribulose was 
similarly prepared by refluxing L-arabinose in pyridine, and its 
o-nitrophenylhydrazone was prepared according to the procedure 
of Glatthaar and Reichstein (2). For use in phosphorylation 
experiments, L-ribulose was obtained from its o-nitrophenylhy- 
drazone by extraction with benzaldehyde followed by a series of 
extractions with ether. The resulting syrup was analyzed with 
the use of the cysteine-carbazole test (3) and L-ribulose o-nitro- 
phenylhydrazone as a standard. Acid phosphatase for dephos- 
phorylation experiments was prepared from Polidase-S (Schwarz) 
according to the procedure of Hochster (4). p-Arabinose 5-phos- 
phate was synthesized from glucosamine 6-phosphate and purified 
by ion exchange chromatography.! 

Inorganic phosphate was determined by the method of Fiske 
and SubbaRow (5), and pentose by the method of Mejbaum (6) 
as modified by Horecker et al. (7). p-Ribulose 5-phosphate was 


* This investigation was supported in part by a research grant, 
A-907, from the National Institute of Arthritis and Metabolic 
Diseases, United States Public Health Service. 

1 Manuscript in preparation. 


measured with the use of the cysteine-carbazole method of Dische 
and Borenfreund (3). Because pure p-ribulose 5-phosphate was 
not available, a standard curve was prepared by incubating 
various quantities of p-ribose 5-phosphate with purified phos- 
phoriboisomerase? at 37°. The mixture was assumed to contain 
24.4 per cent p-ribulose 5-phosphate at equilibrium. 

Bacterial Extract—Cultures of P. pentosaceum strain E214 were 
grown for 4 to 5 days on a medium containing 0.5 per cent yeast 
extract, 0.5 per cent Bacto-peptone, and 0.5 per cent L-arabinose 
in a final concentration of 0.05 m phosphate buffer, pH 6.8. The 
cells were harvested by centrifugation, washed with distilled 
water, and disrupted in 0.001 m EDTA,’ pH 7.4, for 20 minutes 
by sonic oscillation in a Raytheon 10 ke. sonic oscillator. The 
suspension was centrifuged at 20,000 x g for 30 minutes at ap- 
proximately 2°. The supernatant solution was decanted and 
solid (NH,4)2SO, was added to a final concentration of 1.0m. The 
addition of (NH,).SO, resulted in no precipitate, or very little, 
in the enzyme mixture, and served to prevent coprecipitation of 
protein with nucleic acid during the addition of protamine. 
Therefore, without centrifugation, 0.1 volume of 2 per cent pro- 
tamine, pH 5.0, was added. The extract was dialyzed overnight 
at 2° against 18 1. of 0.001 m EDTA, pH 7.4, after which the 
precipitated nucleic acids were removed by centrifugation. 

After determination of the residual (NH,)2SO, concentration 
(8), solid (NH,4)2SO, was added to a final concentration of 3.0 
M. For use in phosphorylation experiments the 3.0 m (NH,).S0, 
suspension was centrifuged, and the precipitate dissolved in 
distilled water to which 1.0 mg. per ml. of reduced glutathione 
was added. The approximate protein concentration of this ex- 
tract was 12 to 15 mg. per ml. 


Isolation and Characterization of Arabinose 5-Phosphate 


Reaction—Phosphorylation was carried out in Warburg flasks 
of approximately 125-ml. capacity. In the study of the forma- 
tion of p-arabinose phosphate, a typical flask contained 1000 
umoles of L-arabinose, 500 umoles of ATP, 100 umoles of MgCl, 
7.0 ml. of enzyme extract, and 5.0 ml. of 0.64 m NaHCO; in a 
final volume of 20.0 ml. under an atmosphere of 100 per cent 
CO:. After the flasks had been shaken at 30° for 60 to 120 
minutes in the Warburg bath, the reaction was stopped by the 
addition of 3 n acetic acid toa final concentration of 0.5.N. Pre- 
cipitated protein was discarded. For the phosphorylation of 


2 Prepared by Dr. M. J. Wolin. 
’ The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 


1931 








1932 








6.0 | 
lf 
E 40- 
© ’ ji * 
—£ 30- { *g f \ 
a 1 / SA” \ 
- \ 
a ‘\ 
10+ } 2” ° 
/ f ~~ - 
L. zg A .™ 
T r T ay T T re 7 1 
120 140 160 180 200 220 


FRACTION NUMBER 


Fig. 1. Pentose phosphates from L-arabinose plus ATP. Sep- 
aration on a Dowex 1-formate column eluted with 0.2 n formic 
acid containing 0.01 M ammonium formate. @, sedoheptulose 
phosphate; O, ribose 5-phosphate followed by arabinose 5-phos- 
phate; M, ketopentose phosphate. 


TaB_e I 


Ry and Ry values for dephosphorylated sugar resulting from the 
action of enzyme extracts on L-arabinose and ATP 


























Sugar Rp (phenol) abs Farr rt eee 
Fraction 1 0.50 103 mm. 
Sedoheptulose 0.50 103 mm. 
Fraction 2 0.57 19.0 cm. 
Ribose 0.57 19.0 cm. 
Fraction 3 0.62 23.7 cm. 
Ribulose 0.62 23.7 cm. 
Fraction 4 0.49 16.9 cm. 
Arabinose 0.49 16.9 cm. 
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Fic. 2. Pentose phosphates from t-arabinose plus ATP after 
treatment with 1 n KOH for 15 minutes at room temperature. 
Separation on a Dowex 1-formate column eluted with 0.2 n formic 
acid containing 0.01 M ammonium formate. @, ribose 5-phos- 
phate; O, arabinose 5-phosphate. 


p-ribulose, the conditions were the same as above and an esti- 
mated 1000 uwmoles of the p-ribulose preparation described in 
Materials and Analytical Methods were used. When ribose 5- 
phosphate was used as a substrate, the ATP was omitted from 
the reaction flask. 
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Separation of Reaction Products—The protein-free supernatant 
fraction from the phosphorylation reaction was passed through a 
Dowex 50, H+ column to remove adenylic acid. The effluent 
was neutralized to pH 6.8 with NaOH, and an excess of BaCl, 
was added. Any precipitate at this point was removed by 
centrifugation and discarded. The barium salts of the phos- 
phorylated sugars were precipitated by the addition of ethanol 
to a final concentration of 80 per cent. For separation of the 
pentose phosphates the barium salts were dissolved in approxi- 
mately 50 ml. of distilled water, adjusted to pH 3.5 with HCl, 
and adsorbed on a Dowex 1-formate column. Fractional elution 
of the column with 0.2 n formic acid containing 0.01 mM ammonium 
formate showed the presence of four peaks (Fig. 1). The hep- 
tulose phosphate fractions were pooled and treated separately. 
In the case of the pentose phosphates, the fractions were pooled 
into three parts and labeled in order of their appearance from 
the Dowex column as Fractions 2, 3, and 4. The individual 
pooled fractions were neutralized with KOH to a pH of 68. 
The pentose phosphates were precipitated as their barium salts 
as before and, after remaining overnight at 2°, were collected by 
centrifugation. The barium salts were dissolved in water, freed 
from barium with K,SO,, and dephosphorylated with acid phos- 
phatase in acetate buffer at pH 5.0. At the end of 2 hours, each 
reaction mixture was deproteinized with trichloroacetic acid at a 
final concentration of 10 per cent. 

After centrifugation, the supernatant fluid was passed through 
a Dowex 1-formate column, concentrated by lyophilization, and 
chromatographed on paper. Aldopentoses were located by 
spraying with aniline hydrogen phthalate as described by Part- 
ridge (9), and ketopentoses and heptuloses located by the tri- 
chloroacetic acid-orcinol spray of Klevstrand and Nordal (10). 
Comparison of these chromatograms with those developed with 
authentic samples of sugars permitted the tentative identifica- 
tion of arabinose, ribose, and sedoheptulose (Table I). 

Improved separation of the pentose phosphates was achieved 
by pretreating the aqueous solution of the barium salts with 
alkali to remove as much ribulose phosphate as possible before 
adsorption on a Dowex 1-formate column. For this purpose the 
aqueous solution of the salts was made 1.0 nN with respect to KOH 
and allowed to stand for 15 minutes at room temperature. The 
solution was neutralized with concentrated HBr to a pH of 7.5 
(electrometrically determined), and the barium salts were pre- 
cipitated as before. With this modification, chromatography 
on a Dowex 1-formate column gave a good separation of the 
ribose and arabinose phosphate fractions (Fig. 2). 

To test whether the alkali treatment gave rise to D-arabinose 
phosphate, the pentose phosphate mixture was divided, and one 
half was treated with alkali as described above. After chroma- 
tography of each half on Dowex 1-formate, the pentose phosphates 
were precipitated as their barium salts and hydrolyzed with acid 
phosphatase as before. After dialysis, the dialysate containing 
the free pentoses was made 0.01 m with sodium tetraborate, ad- 
sorbed on a Dowex 1-borate column, and eluted with 0.02 m 
sodium tetraborate. In this procedure arabinose was separated 
from the other pentoses, and in all cases the yield of arabinose 
was essentially the same in both the alkali-treated and the non- 
alkali-treated samples. 

Identification of Arabinose Moiety—The dephosphorylated 
arabinose fraction was chromatographed on a Dowex 1-borate 
column as before. Elution was achieved with 0.02 m sodium 
tetraborate, and the borate in the eluate was removed as methyl 


XUM 





a i i ae ee a 


—_3S = et 2 


sa = ss © AD OHS UBUD 





0. 8 


tant 
gha 
uent 
aCl, 
| by 
yhos- 
anol 
| the 
roxi- 
HCl, 
ition 
nium 
hep- 
itely. 
ooled 
from 
idual 
f 6.8. 
salts 
ed by 
freed 
phos- 
, each 
lata 


rough 
1, and 
d by 
Part- 
1e tri- 
| (10). 
1 with 
tifica- 


hieved 
3 with 
before 
yse the 
) KOH 
The 
of 7.5 
re pre- 
graphy 
of the 


ibinose 
nd one 
hroma- 
sphates 
th acid 
taining 
ate, ad- 
0.02 
parated 
abinose 
he non- 


ry lated 
|-borate 
sodium 
methyl 








ash aaa 


August 1959 


borate as described by Cohen (11). The pentose remaining 
after removal of the methyl borate was dissolved in 95 per cent 
ethanol and converted to the diphenylhydrazone by the method 
of Brown (12). After three recrystallizations from ethanol, the 
hydrazone had a constant melting point of 202°. A mixture of 
the hydrazones of the authentic p form and the derivative of the 
enzymatically formed arabinose gave a melting point of 201°. 
When the diphenylhydrazone of authentic L-arabinose (m.p. 
203°) was mixed with the diphenylhydrazone of the enzymatically 
formed arabinose, the melting point was depressed to 190-195°. 
An aqueous solution of the enzymatically formed, dephosphoryl- 
ated arabinose, in a concentration of 5.5 mg. per ml. (determined 
colorometrically), had an [a]7 — 95° (cf. [a]? — 104° for authentic 
p-arabinose (13)). 

Position of Phosphate Group—Enzymatically formed arab- 
inose phosphate was purified, as described above, on a Dowex 
1-formate column. To determine acid stability of the phosphate 
group, ribose 5-phosphate and the p-arabinose phosphate were 
each dissolved in 1.0 n H2SO, to a final concentration of 2.0 
pmoles per ml. Each solution was then placed in a boiling water 
bath and at 15-minute intervals 1.0-ml. samples were removed 
for the determination of inorganic phosphate (Fig. 3). The 
resistance to acid hydrolysis suggested that the arabinose was 
phosphorylated in the 5-position. 


Origin of p-Arabinose 5-Phosphate 


Since there seemed to be several possible mechanisms for the 
formation of p-arabinose 5-phosphate from L-arabinose, it was 
necessary to determine the stepwise conversion of L-arabinose 
to p-arabinose 5-phosphate. The following experiments provide 
data for the individual reactions in the formation of D-arabinose 
5-phosphate from L-arabinose. 

t-Arabinoisomerase—Cultures of P. pentosaceum strain E214 
were grown as before and extracts were prepared as previously 
described. 

Fifty-five ml. of the crude undialyzed extract were added to 
5.0 gm. of t-arabinose dissolved in 2000 ml. of 0.1 m sodium 
tetraborate, pH 8.0. After 16 hours 4.2 gm. of ketose, calcu- 
lated as L-ribulose, were formed. The reaction mixture was 
concentrated to approximately 50 ml. by evaporation under 
reduced pressure at 35°. After remaining overnight at 2° the 
insoluble borate was removed by filtration, and the filtrate was 
passed through a Dowex 50, H* column to convert the borate 
to boric acid. The boric acid was removed as methyl] borate. 
The resulting syrup was dissolved in 25 ml. of water and excess 
BaCO; and bromine were added. After 30 minutes at room 
temperature, N» was passed through the reaction mixture for 90 
minutes to remove excess bromine. The mixture was then 
passed through Dowex 50, H+ and Dowex 1-formate columns. 
The total yield was 1.84 gm. of pentose calculated as L-ribulose. 

After evaporation under reduced pressure, the resulting syrup 
was taken up in 100 ml. of absolute ethanol and 2.0 gm. of 
o-nitrophenylhydrazine were added. After refluxing for 10 
minutes the mixture was evaporated under reduced pressure to 
25.0 ml. The resulting hydrazone was recrystallized twice from 
ethanol and twice from methanol. The melting point was 159- 
160° compared to 157-158° for authentic L-ribulose o-nitro- 
phenylhydrazone. The mixed melting point with authentic 
L-ribulose o-nitrophenylhydrazone was 160-161°, and the [a]? 
was +50 +5° (concentration: 5 mg. per ml. in methanol). 

L-Ribulokinase—The activity of t-ribulokinase was deter- 
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Fig. 3. Hydrolysis of ribose 5-phosphate and arabinose phos- 
phate in 1 N H2SO,. 


mined manometrically as described by Simpson and Wood (14). 
The crude extract was prepared from 85 gm. of cells, as described 
for the preparation of the L-arabinoisomerase. Solid (NH,)2SO, 
(33 gm.) was added to the crude extract (235 ml. containing 13.5 
mg. of protein per ml.) to a final concentration of 1.0m. The 
volume was diluted to 600 ml. with water, and 60 ml. of 2 per 
cent protamine, pH 5.0, were added. The resulting precipitate 
was discarded, and the supernatant fluid was dialyzed overnight 
against 18 1. of 0.001 m EDTA, pH 7.4, at 2°. The precipitate 
which was formed during dialysis was discarded. To 620 ml. 
of the supernatant fraction (25P) were added 173.6 gm. of 
(NH,)S0O,. After centrifugation, the resulting precipitate was 
dissolved in 25 ml. of 0.001 m EDTA, pH 7.4 (Fraction 0-50PS). 
To the supernatant fraction of 630 ml. from which Fraction 
0-50PS was precipitated, 85.5 gm. of (NH4)2SO, were added. 
The resulting precipitate was dissolved in 50 ml. of 0.001 m 
EDTA, pH 7.4 (Fraction 50-70PS). 

Fraction 50-70PS was dialyzed overnight against 18 |. of 
0.001 m EDTA, pH 7.4. The concentration of (NH,).SO, in 
Fraction 50-70PS was determined to be 0.197 m after dialysis. 
To 41 ml. of Fraction 50-70PS were added 10 ml. of Ca;(PO,). 
gel containing a total of 37.5 mg., dry weight, of gel. After 
being stirred for 3 minutes, the gel suspension was centrifuged 
and the gel was discarded. The supernatant fluid (50-70PS-G) 
was made up to 50 ml. with 0.001 m EDTA, pH 7.4, and 16.8 
gm. of (NH,)2SO, were added. The resulting precipitate was 
collected and dissolved in 7.5 ml. of 0.001 m EDTA, pH 7.4, and 
labeled 0-45AG. Table II lists the specific and total activities 
of t-ribulokinase during the purification. Fig. 4 illustrates the 
substrate specificity of the 0-45AG fraction. 

4'-Epimerase—This enzyme was not purified from the Pro- 
pionibacterium extracts, nor was the product, p-xylulose 5-phos- 
phate, isolated from a reaction of the enzyme with L-ribulose 
5-phosphate. However, the observation that p-ribose 5-phos- 
phate, p-ribulose 5-phosphate, and sedoheptulose 7-phosphate 
are in the equilibrium mixture resulting from the activity of the 
crude extracts on L-arabinose in the presence of ATP strongly 
indicates the presence of 4’-epimerase in these extracts (Fig. 1). 
Furthermore, since it has already been established that L-arab- 
inose is metabolized through t-ribulose 5-phosphate, inversion 
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TaBLe II 
Yield and activity of L-ribulokinase 





Enzyme fraction 


Specific activity | Total activity 





units*/mg. protein units 


Crude 8.7 27, 600 
25P 20.8 38,000 
50-70PS 96.8 24, 200 
50-70PS-G 170 11,600 
0-45AG 345 9,300 








* One unit is the amount of enzyme which will phosphorylate 
1 umole of t-ribulose per hour. 
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Fig. 4. Phosphorylation with the 0-45AG enzyme fraction. 
The system contained 20 umoles of indicated substrate; 22 umoles 
of NaHCOs;, 4 umoles of EDTA, 5 umoles of sodium GSH, 20 
umoles of ATP, 100 umoles of MgCle, enzyme, and water to a total 
volume of 1.2 ml. After equilibration at 37.5° the enzyme was 
tipped and manometric readings were taken at times indicated. 


TaBLeE III 

Formation of keto pentose phosphate from arabinose 5-phosphate 

The reaction mixture contained: 250 wmoles of chemically syn- 
thesized arabinose 5-phosphate; 1000 uwmoles of glycylglycine 
buffer, pH 7.5; 65 umoles of EDTA; and purified phosphoarabino- 
isomerase (total protein 1.1 mg.) in a total volume of 63 ml. Cys- 
teine-carbazole determinations were made at 15-minute intervals 
on 0.2-ml. aliquots incubated at 37° for 30 minutes and read in 
the Klett colorimeter with a 540-my filter. 











Time Optical density 
min. 
0 0.040 
15 0.200 
30 0.246 
45 0.304 
60 0.364 
75 0.456 
90 0.380 





to the p configuration by any means other than that catalyzed 
by 4’-epimerase would require either reduction to the alcohol 
followed by reoxidation to the p-pentose 1-phosphate followed by 
mutase activity to form the p-pentose 5-phosphate, or cleavage 
to a Cz plus a C; and resynthesis after racemization of the C; 
portion. There is no evidence that either of the above two 
possibilities exists. 
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Fig. 5. p-Arabinose 5-phosphate (250 umoles) incubated for 90 
minutes with purified phosphoarabinoisomerase. Contents were 
adsorbed on Dowex 1-formate and eluted with 0.2 nN formic acid 
containing 0.02 mM ammonium formate. Fractions contained ap- 
proximately 12 ml. each. @, orcinol determination; O, cysteine- 
carbazole determination; O.D., optical density. 
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Phosphoarabinoisomerase—It therefore appears probable that 
p-arabinose 5-phosphate is formed after optical inversion of 
L-ribulose 5-phosphate to p-xylulose 5-phosphate. This is 
further substantiated by the observation that p-arabinose 5- 
phosphate is formed by the enzyme extracts starting with either 
p-ribulose and ATP or p-ribose 5-phosphate as a substrate. 
Additional information concerning the immediate precursor of 
p-arabinose 5-phosphate was found in experiments in which 
either chemically synthesized p-arabinose 5-phosphate or en- 
zymatically formed D-arabinose 5-phosphate was used. When 
the enzyme preparation was incubated with p-arabinose 5-phos- 
phate from either source, a compound was formed which reacted 
with the cysteine-carbazole reagent. Although a study of the 
characteristics of the enzyme acting on p-arabinose 5-phosphate 
has not been completed, the enzyme appears to be an isomerase 
which converts D-arabinose 5-phosphate to p-ribulose 5-phos- 
phate. 

To gain information concerning the product of p-arabinose 
5-phosphate isomerization, chemically synthesized p-arabinose 
5-phosphate was incubated with a partially purified enzyme 
preparation. (The enzyme used in this experiment had been 
completely freed of all phosphoriboisomerase and 3’-epimerase 
by a series of (NH,).SO, fractionations, gel adsorptions, and 
chromatography on a cellulose column.) The mixture was 
incubated at 37°, and cysteine-carbazole determinations were 
made at 15-minute intervals during the incubation (Table III). 
At the end of 90 minutes the mixture was adjusted to pH 4.3 
with acetic acid and adsorbed on a Dowex 1-formate column. 
The column was eluted with 0.2 n formic acid containing 0.02 m 
ammonium formate. Quantitative orcinol and cysteine-carbazole 
determinations were made on the eluted fractions (Fig. 5). It 
can be seen that a compound giving a positive cysteine-carbazole 
reaction was formed during the reaction of p-arabinose 5-phos- 
phate with the purified enzyme. The elution of this pentose 
from the Dowex 1-formate column ahead of the arabinose 5-phos- 
phate is consistent with the elution pattern of ribulose 5-phos- 
phate (Fig. 1). From a control experiment without enzyme only 
arabinose 5-phosphate was reclaimed. 


DISCUSSION 


A substantial volume of recent literature has helped to clarify 
the metabolic interrelationships of the pentoses and, in particular, 
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their role in the degradation of phosphogluconic acid. However, 
the part played by p-arabinose 5-phosphate is in doubt because 
of the disparity between the results of Scott and Cohen (15) and 
those of Horecker et al. (7). The former authors obtained pre- 
sumptive evidence that D-arabinose 5-phosphate constituted 10 
per cent of the pentoses formed in the degradation of 6-phospho- 
gluconic acid by an enzyme system prepared from yeast. The 
latter authors, using a purified enzyme from yeast, were unable 
to show the presence of p-arabinose 5-phosphate in the same 
reaction. Although the present data do not have an immediate 
bearing on the degradation of phosphogluconic acid, they do, 
nevertheless, emphasize that p-arabinose 5-phosphate may be 
formed in nature. 

The data presented show that the initial steps in the me- 
tabolism of L-arabinose by Propionibacterium pentosaceum are 
similar to those described by Simpson and Wood (14) for Aero- 
bacter aerogenes. u-Arabinose is first isomerized to t-ribulose 
which in turn is phosphorylated to t-ribulose 5-phosphate. Al- 
though the enzyme described by Wolin et al. (16, 17), which is 
responsible for the formation of p-xylulose 5-phosphate from 
t-ribulose 5-phosphate, was not purified from this organism, it 
was demonstrated that the phosphate esters of p-ribose, p- 
ribulose, and sedoheptulose are formed by the action of this 
organism on L-arabinose in the presence of ATP. It is believed 
that this observation provides strong support for the presence of 
4’-epimerase in P. pentosaceum. 

The fact that sedoheptulose is formed by extracts of this or- 
ganism with the use of ribose 5-phosphate as a substrate indicates 
that these extracts contain phosphoriboisomerase, 3’-epimerase, 
and transketolase. 

Based on the results reported in this paper, Scheme 1 presents 
a postulated scheme for the formation of p-arabinose 5-phos- 
phate starting with L-arabinose. It should be noted that experi- 
ments are now in progress to purify and characterize the enzyme 
which isomerizes D-arabinose 5-phosphate to a ketopentose phos- 
phate. Initial purification has yielded the isomerase acting on 
p-arabinose 5-phosphate free from both phosphoriboisomerase 
and 3’-epimerase (Fig. 5). Since yields of the purified phospho- 
arabinoisomerase have been small, it has not yet been possible 
to identify unequivocally the ketopentose phosphate formed. 
However, the following observations strongly indicate it to be p- 
ribulose 5-phosphate. (a) The elution position from a Dowex 
1-formate column is the same as that of p-ribulose 5-phosphate. 
(b) Ribose 5-phosphate is present in the equilibrium mixture froin 
arabinose 5-phosphate if phosphoriboisomerase is present. (c) 
It is the expected ketopentose phosphate arising from the iso- 
merization of p-arabinose 5-phosphate. 

That the arabinose isolated in the present experiments was 
levorotatory and that the diphenylhydrazone gave a melting 
point depression when mixed with an authentic sample of L-arab- 
inose diphenylhydrazone make clear that the enzymatically 
formed arabinose phosphate has the p configuration. Although 
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ScHEME 1 


A proposed scheme for the formation of p-arabinose 5-phos- 
phate from L-arabinose and ATP. 


the results reported in this paper do not rule out the possibility 
of a direct phosphorylation of t-arabinose, they do establish that 
L-arabinose is metabolized by way of a pathway not involving 
the direct phosphorylation of L-arabinose. Therefore, in spite 
of an earlier concept (1), no evidence for the formation of L-arab- 
inose phosphate was found as reported by Simpson et al. (14) 
for Aerobacter aerogenes. 


SUMMARY 


1. The occurrence of p-arabinose 5-phosphate as an inter- 
mediate in the metabolism of pentoses by Propionibacterium 
pentosaceum is described. 

2. Enzyme extracts prepared from these microorganisms can 
form D-arabinose 5-phosphate, starting with either L-arabinose or 
p-ribulose and ATP, and from ribose 5-phosphate. 

3. Preliminary evidence suggests that p-ribulose 5-phosphate 
may yield p-arabinose 5-phosphate by the action of a phospho- 
arabinoisomerase analogous to phosphoriboisomerase. 

4. A scheme is presented to account for the formation of p- 
arabinose 5-phosphate from L-arabinose. 


Acknowledgments—The author is grateful to Dr. W. A. Wood 
for his helpful encouragement and advice and to Miss Barbara 
Williamson for her technical assistance. 


REFERENCES 


1. Voix, W. A., Federation Proc., 16, 376 (1956). 

2. GuaTrHaar, C., AND Reicuste1n, T., Helv. Chim. Acta, 18, 
80 (1935). 

3. Discne, Z., AND BORENFREUND, E., J. Biol. Chem., 192, 583 
(1951). 

4. Hocuster, R. M., Can. J. Microbiol., 1, 345 (1955). 

5. Fiske, C. H., anp SusspaRow, Y., J. Biol. Chem., 66, 375 
(1925). 


6. Messaum, W., Z. physiol. Chem., 268, 117 (1939). 

7. Horecker, B. L., Smyrniotis, P. Z., anp SEEGMILLER, J. E., 
J. Biol. Chem., 193, 383 (1951). 

8. Foun, P., anp Wu, H., J. Biol. Chem., 38, 81 (1919). 

9. Partripae, 8. M., Nature, 164, 433 (1949). 

10. KLEvsTRAND, R., AnD NorpDat, A., Acta Chem. Scand., 4, 1320 
(1950). 

11. Conen,S8.8., J. Biol. Chem., 201, 71 (1953). 

12. Browne, C. A., AND ZERBAN, F. W., Physical and chemical 








1936 Enzymatic Formation of p-Arabinose 5-Phosphate Vol. 234, No. 8 


methods of sugar analysis, 3rd edition, John Wiley and Sons, 
Inc., New York, 1941, p. 964. 

13. SHRINER, R. L., anp Fuson, R. C., A systematic identification 
of organic compounds, 2nd edition, John Wiley and Sons, 
Inc., New York, 1946, p. 206. 

14. Simpson, F. J., anp Woop, W. A., J. Am. Chem. Soc., 78, 5452 
(1956). 





15. Scorr, D. B. M., anp Conen, S. S., J. Biol. Chem., 188, 509 
(1951). 

16. Woutn, M. J., Stupson, F. J., ano Woop, W. A., Federation 
Proc., 16, 273 (1957). 

17. Woutn, M. J., Simpson, F. J., anp Woop, W. A., Biochim. et 
Biophys. Acta, 24, 635 (1957). 














No. 8 
8, 509 
eration 


him. et 











Tue JouRNAL oF BroLocicaL CHEMISTRY 
Vol. 234, No. 8, August 1959 
Printed in U.S.A. 


Studies of Liver Glucose 6-Phosphatase 


III. SOLUBILIZATION AND PROPERTIES OF THE ENZYME FROM NORMAL AND DIABETIC RATS* 


Haroitp L. Secatt anp Mary E. Wasuxot 


From the Biochemistry Department, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 


(Received for publication, February 2, 1959) 


In the last several years, a number of reports have appeared 
regarding alterations in the activity of liver glucose 6-phospha- 
tase under various conditions. Thus, Cori and Cori (3) have 
been able to relate the accumulation of liver glycogen charac- 
teristic of von Gierke’s disease to a deficiency of this enzyme. 
On the other hand, marked elevations in activity were found in 
the livers of diabetic animals (4, 5). Effects on glucose 6-phos- 
phatase activity of modification of other endocrine states were 
modest or entirely lacking (5-7). Some interesting “adapta- 
tion”-like responses in glucose 6-phosphatase activity have been 
reported by Freedland and Harper (8) in animals fed diets low 
in glucose residues or high in fructose residues. 

Our interest in this enzyme has been from the point of view of 
the mechanism of the hormonal influence thereon. As has 
already been observed (1), the elevation in activity of glucose 
6-phosphatase in diabetic animals might be visualized as a reflec- 
tion of an increased quantity of enzyme, or of an alteration in 
the properties of the enzyme in the direction of increased cata- 
lytic potency, or a combination of both. As an approach to this 
problem, we have undertaken an investigation of the properties 
of the enzyme and their alteration concomitant with insulin 
deprivation and administration, first in whole homogenates of 
liver, and then in subfractions, as long as differences in properties 
persisted. The results have led us to the view that modifica- 
tions in the structure or composition of the microsome itself ac- 
company and perhaps underlie the altered kinetics and activities 
of glucose 6-phosphatase in the diabetic state. A brief report 
of some of these results has already appeared (1). 


EXPERIMENTAL 


Enzyme Preparations—Animals were killed by decapitation 
and the blood allowed to drain. Livers were chilled in cold 0.25 
m sucrose, blotted and weighed, and homogenized in 9 volumes 
of 0.25 m sucrose in a Servall Omni-Mixer for 30 seconds at 0°. 
The whole homogenate is referred to as Fraction H. 

For separation of microsomes, the homogenate was first 
centrifuged at 5000 x g for 10 minutes at 0° in the high speed 


* For papers I and II in this series, see (1,2). This work was 
taken in part from a thesis submitted by Mary E. Washko to the 
Graduate Faculty of the University of Pittsburgh in partial ful- 
fillment of the requirements for the degree of Master of Science 
and was supported by a research grant (A-875) from the National 
Institute of Arthritis and Metabolic Diseases of the United States 
Public Health Service. 

+ Present address, Department of Pharmacology, St. Louis 
University School of Medicine, St. Louis, Missouri. 

t~ Present address, Biochemistry Department, Presbyterian 
Hospital, Pittsburgh, Pennsylvania. 


head of an International centrifuge, model PR-2, to remove mito- 
chondria and heavier particles. The supernatant fluid (Fraction 
S,) was then recentrifuged at 30,000 r.p.m. for 40 minutes at 0° 
in the No. 30 rotor of the Spinco ultracentrifuge, model L. The 
supernatant fluid thus obtained was decanted, and the micro- 
somes, after a preliminary washing in the sucrose solution, were 
resuspended in a volume of 0.25 m sucrose equal to one-half the 
volume of §, centrifuged (Fraction M). Further treatment of 
the microsomes was accomplished by the addition of the required 
reagent to Fraction M or, on occasion, by suspending the centri- 
fuged microsomes directly in the reagent. 

Assay Procedure—The reaction was carried out at 30° for 10 
minutes unless otherwise stated, in a volume of 2.0 ml. contain- 
ing 150 wmoles of sodium cacodylate buffer of the desired pH, 
sodium or potassium glucose 6-phosphate, and a suitable dilution 
of the enzyme, which was added last. The reaction was ter- 
minated by the addition of 0.4 ml. of 30 per cent trichloroacetic 
acid, precipitated protein was removed by centrifugation, and 
phosphate was determined by the method of Fiske and Subba- 
Row (9). When glucose liberation was to be measured, the 
reaction was stopped and the solution deproteinized by the addi- 
tion of 10 per cent ZnSO, and 1 n NaOH, and glucose was deter- 
mined by the method of Nelson (10) and Somogyi (11). There 
was no difference in the results obtained with the whole homog- 
enate when the reaction was carried out in a Dubnoff Metabolic 
Shaking Incubator or in stationary tubes, nor when the Na or K 
salt of the substrate was used. For the determination of the 
kinetic parameters, the substrate concentration was varied from 
1 to 20 ma, or from 0.5 to 10 ma, and the calculations performed 
as previously described (1). 

Protein was determined by the method of Lowry et al. (12). 
A bovine albumin preparation was employed as a standard. 

Materials—Sodium cacodylate, N. F., and digitonin were 
purchased from Fisher Scientific Company, glucose 6-phosphate 
from Sigma Chemical Company, Triton X-100 from Rohm and 
Haas Company, and deoxycholic acid from Matheson, Coleman, 
and Bell, Inc. The insulin preparations were obtained from Eli 
Lilly and Company, cortisone was obtained from Merck Sharp 
and Dohme (cortone acetate), and hydrocortisone, as the Na 
hemisuccinate, was obtained from The Upjohn Company (Solu- 
Cortef). 

Production of Diabetes—Diabetes was produced by the sub- 
cutaneous injection of a freshly prepared solution of alloxan 
monohydrate in 0.1 m citrate buffer, pH 5.5, at a dosage of 18 
mg. per 100 gm. of body weight. The rats were of the Wistar 
strain, purchased from Carworth Farms, Inc., and were fasted 
overnight before injection. All the animals were maintained on 
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Purina laboratory chow and water ad libitum. Blood glucose 
determinations (Nelson-Somogyi (10, 11)) were performed on tail 
blood before injection, at random intervals after injection, and 
immediately before the animals were killed. Approximately 
half the animals succumb to the injection in 2 to 5 days and half 
become diabetic. Only a few animals survive the injection with- 
out exhibiting diabetic symptoms. The criteria of diabetes were 
blood sugar levels of 400 mg. per 100 ml. or greater, failure to 
gain weight, and polydipsia. 


RESULTS 


Proportionality to Time and Enzyme Concentration and Stoichi- 
ometry of Reaction—Surprisingly, many of the reports dealing with 
glucose 6-phosphatase activities fail to indicate whether the 
experiments were carried out under conditions where the amount 
of product formed was a valid quantitative measure of enzyme 
activity. The proportionality of phosphate and glucose forma- 
tion to time and enzyme concentration in these experiments is 
illustrated in Fig. 1, with a homogenate of normal liver as the 
source of the enzyme. The stoichiometry of the reaction is also 
apparent from the figure. Similar results were obtained with all 
fractions tested, from both normal and diabetic animals. When 
the reaction was carried out under strict zero order conditions, a 
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Fig. 1. Proportionality of orthophosphate (P;) and glucose 
formed to time (Graph A) and enzyme concentration (Graph B). 
The pH of the buffer was 6.4, and the concentration of substrate 
was 10mm. Fraction H, containing 25 mg., wet weight, of liver 
per ml., was the source of the enzyme. In A, each tube contained 
0.4 ml. of enzyme suspension. In B, incubation time was 30 min- 
utes. Other conditions of assay were as specified in text. 
O——O, Pi; @——®, glucose. 
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TaBLeE I 
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Mean liver glucose 6-phosphatase activities and apparent Michaelis 


constants from normal, diabetic, and hormone-treated rats 
Fraction H, 0.2 ml., containing 5.0 mg. (wet weight) of liver, 


animals in each group. 


was the source of the enzyme in all cases. 
was 6.4. 


The pH of the buffer 
In Experiment 2 all the animals were of approximately 
the same weight (approximately 150 gm.), whereas in Experiment 
1 the animals were older and of more variable weight. 
bers in parentheses in the first column refer to the number of 
In other columns the numbers in paren- 
theses indicate the range of the experimental values. 


The num- 














| Units of glucose 6-phosphatase activity* 
Status K,’ 
| Per 2.5 mg. Per mg. Per 100 gm. 
| liver protein body weight 
mM 
Experiment 1 
Normal (5) 1.72 0.308 0.73 440 
(1.20-2.25)| (0.200-0.400)| (0.45-0.99)} (260-660) 
Diabetic (12) 3.50 0.644 1.42 1260 
(1.82-5.10)| (0.442-1.025)| (0.87-2.01)| (810-2150) 
Experiment 2 
Normal (2) 1.56 0.274 0.55 550 
(1.52-1.60)| (0.273-0.275)| (0.48-0.61)| (470-630) 
Diabetic (4) 3.83 1.013 1.56 2280 
(3.10-4.80)| (0.925-1.170)| (1.39-1.73)| (2080-2720) 
Diabetic + 2.18 0.311 0.78 1420 
insulin (4) |(1.77-2.55)|(0.254-0.378)| (0.69-0.91 )/ (1380-1510) 
Cortisone- 1.43 0.412 0.86 950 
treated (4)/(1.30-1.50)/(0.348-0.435)/(0.63-0.94)| (790-1060) 
Hydrocorti- 1.34 0.390 0.54 460 
sone- (0.84-2.00)/|(0.199-0.415)| (0.40-0.75)| (350-670) 
treated (4) 














* A unit of activity is defined as the amount liberating 1 umole 
of orthophosphate per 10 minutes at infinite substrate concentra- 
tion (extrapolated). 


broad pH optimum was obtained over the range of 4.9 to 7.0, 
with a slight peak at pH 5.8. 

Effect of Diabetes and Hormone Administration on Kinetic 
Parameters—In Table I are presented the values of the glucose 
6-phosphatase activities and the apparent Michaelis constants 
(K,’) of the system for normal, diabetic, and hormone-treated 
animals. A large number of additional determinations have 
been performed subsequently with normal and diabetic animals, 
and all fell within the ranges indicated. The course of insulin 
injection, given subcutaneously, was as follows: 1st day, 10 units 
of protamine zinc insulin + 10 units of crystalline insulin; 2nd 
day, 5 units of protamine zinc insulin; subsequent days, 2 units 
of protamine zinc insulin. The animals were killed 48 to 72 
hours after initiation of insulin treatment; 3 to 4 hours before 
this an additional 5 units of crystalline insulin were injected. 
Cortisone and hydrocortisone were injected intramuscularly at a 
dosage of 25 mg. per day for 4 days and 5 mg. per day for 7 to 
21 days, respectively. It can be seen from Table I that insulin 
treatment promptly restored the altered kinetics of glucose 6- 
phosphatase in the diabetic animals toward normal and that 
hydrocortisone had little or no effect on the system. Cortisone 
produced the modest increases in activity previously observed 
(8, 9), but this increase, unlike that in the diabetic animals, was 
not accompanied by an increase in the apparent Michaelis con- 
stant. 
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TaB_e II 


Apparent Michaelis constants (K,') and activities of subcellular and 
solubilized fractions 


The pH of the buffer in the incubation medium was 6.4. 

















Normal Diabetic 
Enzyme fraction ae j 
K,' Specific | Recov- K,’ Specific Recov - 
activity® | ery jactivity® | ery 
+3 | mM | & | mM | &% 
1. H............. 1.65 | 0.44 | 100 | 4.15 | 1.05 | 100 
i Rees 1.80 | 0.37 | 74 3.67 | 1.11 75 
3.M.............| 1.80 | 1.46 | 68 | 4.20 | 2.70 | 66 
4. Digitonin sus- | 
pension of M...| —t | 1.54 | 70 | 0.80 | 3.35 | 82 
5. Supernatant | | 
fraction of No. | 0.76 1.82 | 39 0.75 | 4.08 38 
4, above....... 
SS ree — | 2.92 | 34 | 0.83 | 3.27¢ | 20f 














* Specific activity is defined as the units per mg. of protein 
(see Table I). For this table the activities were calculated at 10 
mM rather than infinite substrate concentration, since the data 
were not available for the latter calculation in all cases. 

+ —, Not determined. 

t The low recovery in this fraction was due to losses in dialysis 
against distilled water instead of buffer. 


Properties of Subcellular and Solubilized Fractions—In order to 
determine whether the altered kinetics of the diabetic enzyme 
persisted in preparations isolated from the influence of the super- 
natant fraction of the homogenate, the microsomes were sepa- 
rated, as described above, and the kinetic parameters determined. 
The bulk of the glucose 6-phosphatase activity was recovered in 
the microsomes, as has been reported by others (5, 7, 13). In 
addition, as can be seen from Tables II, III, and IV, the ap- 
parent Michaelis constants of the enzyme in the isolated micro- 
somes were the same as in the corresponding homogenates. In 
order to purify the enzyme further, methods of solubilizing the 
activity were sought. Resuspension of the microsomes in water, 
in salt solutions, or in high concentrations of ethylenediamine- 
tetraacetate, repeated freezing and thawing, or extensive sonic 
treatment, all failed to produce a preparation in which the ac- 
tivity remained in the supernatant fraction after high speed 
centrifugation. Resuspension in 1 per cent digitonin solution, 
on the other hand, solubilized approximately half of the total 
activity. Moreover, the K,’ values of the digitonin-treated 
preparations from both normal and diabetic animals were similar 
and were reduced to levels lower than those from even normal 
microsomes (Table II). In contrast to the elimination of the 
differences in K,’ between the normal and diabetic system, the 
higher specific activities of the latter remained, in both digitonin 
suspensions and the soluble preparations therefrom. Suspension 
in digitonin occasioned no loss in total activity and, in fact, would 
appear to produce a marked increase, if assays were performed 
at lower substrate concentrations, because of the decrease in K,’. 

Precipitation of the activity from the digitonin solution could 


1 The balance of the activity could be recovered in the residue 
after high speed centrifugation of the digitonin-treated micro- 
somes, and additional activity could be solubilized by a second 
extraction. Optimal conditions for solubilization with digitonin 
have not been determined. Langdon and Weakley (14) have also 
reported a solubilization of glucose 6-phosphatase with digitonin. 
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Tas_e III 
Effect of Triton X-100 treatment of microsomes 
The pH of the buffer in the incubation medium was 5.8. 












































| Normal Diabetic 
Enzyme fraction f j = ; SY kar: 
rie Recovery | K,’ Bal Recovery 
| 
% mM % 
ee Mais cows a xteds cae —t 100 3.17 1.05 100 
SRtiietn.42. ashe ues “= 89 2.98 1.07 92 
of _ SNe a ie Ragin. a= 75 2.94 2.21 85 
4. Triton suspension 
"3 Sea _ 78 0.71 3.33 128 
5. Supernatant frac- 
tion of No. 4, 
Cee 1.04 37 0.62 2.62 54 
* Specific activity calculated as in Table IT. 
t —, Not determined. 
TaBLe IV 
Effect of deoxycholate (DC) treatment of microsomes 
The pH of the buffer in the incubation medium was 5.8. 
Normal Diabetic 
Enzyme fraction ig ] : aan 
x’ | ackivity® | Recovery K,’ | ie Recovery 
| 
mM | % mM % 
rr 0.68 100 3.55 0.85 | 100 
2 -- 0.75 82 -- 1.02 89 
fea ee 74 3.43 2.43 69 
4. DC suspension 
>) 2 a 2.04 102 0.98 5.09 145 
5. Supernatant 
fraction of No. 
4, above....... —_ 0.48 25 — 3.96 92 
6. Loose sediment 
from No. 4....| 0.61 | 3.53 52 0.98 | 13.94 55 























* Specific activity calculated as in Table II. 
t —, Not determined. 


be effected by the addition of solid ammonium sulfate to 90 per 
cent saturation, after a dialysis of 4 hours against tris(hydroxy- 
methyl)aminomethane buffer, pH 7.5. The sediment obtained 
after centrifugation at 40,000 r.p.m. for 20 minutes in the No. 
40 rotor of the Spinco ultracentrifuge was redissolved in this 
buffer (Fraction AS,) and contained almost all of the activity 
initially present in the digitonin solution. 

In order to rule out a specific effect of digitonin on K,’, other 
agents which disrupt microsomes were tested. The addition of 
an equal volume of 1 per cent Triton X-100 solution, buffered at 
pH 7.5, or of one-fourth of a volume of a 1 per cent deoxycholate 
solution, buffered at pH 8.3, to a sucrose suspension of micro- 
somes led to results closely comparable with those from the 
digitonin experiments. That is, there was a solubilization of a 
large fraction of the activity and a reduction in the K,’ values 
in both the detergent suspensions and the solubilized enzyme 
fractions therefrom? (Tables III and IV). After centrifugation 


2 Crane, on the other hand, has reported no alteration in the K,,’ 
for the enzyme with galactose 6-phosphate as the substrate, in 
the presence of a Triton X-100 concentration of 0.4 per cent in the 
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of the deoxycholate-treated microsomes, an appreciable fraction 
of the glucose 6-phosphatase activity was associated with a 
fluffy sediment which overlay a tightly packed layer and could 
be separated from the latter and most of the supernatant ma- 
terial. This fraction exhibited a high specific activity and a K,’ 
value characteristic of disrupted microsomes, even though the 
activity was still associated with insoluble material (Table IV). 

It is to be noted from Tables II, III, and IV that microsomal 
disruption per se led to the reduction of the K,’ values, even be- 
fore the separation of the soluble fraction, and even though the 
enzyme was still associated with particulate matter as in the 
deoxycholate experiments. 


DISCUSSION 


It seems clear from the results presented that the altered 
kinetics of glucose 6-phosphatase in diabetic livers are not a direct 
result of an altered extramicrosomal milieu, since the high K,’ 
values obtained with diabetic liver homogenates persisted in 
isolated, washed microsomes therefrom. Nor, on the other 
hand, do they seem to be an intrinsic property of the diabetic 
enzyme per se, since, upon disruption of the microsomes, the 
Michaelis constants of the diabetic and normal enzymes become 
indistinguishable.* 

Several possible explanations for these results suggest them- 
selves. A decrease in K,’, such as obtained here in proceeding 
from intact to disrupted microsomes, might be the result of the 
destruction or dilution of a competitive inhibitor. If such an 
inhibitor is indeed present in microsomes, it must be a substance 
to which the microsomal membrane is not freely permeable, 
since suspension of the microsomes for several hours in buffer or 
sucrose solution at 0° produced no alteration in the kinetics, 
whereas suspension in reagents which disrupt the membrane 
brought about an immediate reduction in the apparent Michaelis 
constant. 

The accumulation of a competitive inhibitor in the microsomes 
of diabetic livers might also be responsible for the increases in 
activity of glucose 6-phosphatase observed with these prepara- 
tions, as well as for the altered kinetics. Ample precedent exists 
for the induction of enzymic activities as the result of the pres- 
ence of a competitive inhibitor of that enzyme (for references see 
(17)). The observed relationship between the total activity and 
apparent Michaelis constants in individual animals (1) is in 
harmony with this view. On the other hand, attempts to obtain 
direct evidence for the presence of a glucose 6-phosphatase in- 
hibitor in extracts of diabetic microsomes have thus far been 
unsuccessful. 

Other possible explanations of the present observations have 
been considered, based upon alterations in the intramicrosomal 
environment other than the accumulation of a competitive in- 
hibitor in the usual kinetic sense or upon alterations in the 
microsomal membrane. In the latter connection, it might be 





incubation mixture. The concentration of the detergent in the 
incubation tubes in the experiments reported here was 0.01 per 
cent. The results of Crane may have been complicated by an 
inactivation of the enzyme under the conditions of the experiment 
((15) and personal communication). 

3 It is of interest that high concentrations of ethylenediamine- 
tetraacetate, which have been shown by Palade and Siekevitz (16) 
to solubilize the ribonucleoprotein granules associated with micro- 
somes but to leave the microsomal membrane intact, do not solu- 
bilize glucose 6-phosphatase activity, nor do they have any effect 
on the kinetics of the system. 
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postulated that the K,’ values obtained in the experiments with 
intact microsomes reflect the substrate saturation characteristics, 
not of the enzyme itself, but of a transport site on or in the 
microsomal membrane, which has a lesser affinity for glucose 
6-phosphate in the diabetic state. This would be the case if 
transport across the microsomal membrane were the rate-limit- 
ing step. Once the membrane has been disrupted, the K,’ 
values would then reflect the intrinsic saturation characteristics 
of the enzyme, which is the same whether from normal or dia- 
betic animals. 

The results of the experiments on glucose inhibition (1, 2), 
however, seem to us to detract from the likelihood of this pos- 
sibility. Glucose inhibits glucose 6-phosphatase activity in both 
normal and diabetic microsomes and in preparations from dis- 
rupted microsomes, and with the same qualitative and quantita- 
tive characteristics in all cases. Thus, if transport of the 
substrate into the microsomes is the rate-limiting step, one is 
apparently forced to conclude that glucose inhibits both the 
transport and hydrolysis of glucose 6-phosphate in a closely 
similar manner. 

It has been noted above that the K,’ values characteristic of 
the enzyme in the solubilized preparations from either normal 
or diabetic microsomes not only were essentially of the same 
magnitude, but also represent a decrease from that of normal 
intact microsomes, as well as from that of the diabetic counter- 
part. This observation suggests that the feature of diabetic 
microsomes which is responsible for the altered kinetics of glucose 
6-phosphatase is merely a magnification of a normal property of 
microsomes. 

It is expected that further experimentation will allow a selec- 
tion from among the several possibilities. 

It is noteworthy that the decrease in K,’ values obtained here 
upon disruption of the microsomes did not seem to be associated 
necessarily with a conversion of the enzyme from a particulate to 
an apparently soluble state, as in the analogous case of the in- 
hibitor-binding constants in the brain hexokinase reaction (18), 
since the effect was observed in particulate preparations obtained 
from deoxycholate treatment of the microsomes, as well as in 
solubilized preparations. Furthermore, there was no evidence 
for the presence of a mixture of kinetic types in disrupted micro- 
somes which still contained both soluble and particulate fractions. 

The failure of corticoid administration in normal animals to 
reproduce the effects of insulin deprivation on the activity and 
kinetics of liver glucose 6-phosphatase, as reported here, is in 
accord with the findings of others who measured enzyme ac- 
tivity only (5-7). Similar results regarding picolinic carboxylase 
activities of livers from diabetic and cortisone-treated animals 
were obtained by Mehler et al. (19). (It would be of interest to 
know whether there is also an alteration in the kinetics of this 
system in which the enzyme is apparently in the soluble fraction 
of the homogenate.) In both cases, however, adrenalectomy 
reversed the effect of diabetes on enzyme activity. The ex- 
planation for this apparent paradox is at present obscure. The 
effect of cortisone administration in increasing glucose 6-phos- 
phatase activity appears to involve a different mechanism from 
that of insulin deprivation, since in the former case there was no 
alteration in the kinetic characteristics of the system, and the 
degree of increase in activity was considerably less. It is of 
interest in this regard that cortisone administration leads to 
elevations of several-fold in the activity of a number of enzymes 
which are also readily substrate-inducible (20, 21). 
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SUMMARY 


1. The apparent Michaelis constant, and the total activity, of 
the glucose 6-phosphatase system, which are elevated in diabetic 
rat livers, were promptly restored to normal by administration 
of insulin. 

2. Cortisone or hydrocortisone administration to normal an- 
imals failed to produce the alterations in the glucose 6-phos- 
phatase system characteristic of the diabetic state. 

3. The differences observed in the kinetic parameters of the 
glucose 6-phosphatase system between diabetic and normal 


H. L. Segal and M. E. Washko 
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liver homogenates persisted in the isolated, washed microsomes 
from these preparations. 

4. A large part of the glucose 6-phosphatase activity of micro- 
somes could be solubilized by treatment with digitonin, Triton 
X-100, or deoxycholate. Deoxycholate-treated microsomes also 
yielded a particulate fraction of high specific activity. 

5. In disrupted microsomes from diabetic livers, as well as in 
solubilized enzyme therefrom, the apparent Michaelis constants 
were markedly reduced from those of the intact microsomes, and 
the difference in K,’ values between the normal and diabetic 
systems was no longer present. 

6. Possible interpretations of these results have been discussed, 
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In an earlier communication (1) data were reported which were 
consistent with the concept that fatty acids are the major 
endogenous substrate for the support of respiration of excised 
rat diaphragm. Since rat diaphragm has an appreciable store 
of glycogen, it was considered advisable to estimate the possible 
contribution of endogenous carbohydrate to the support of 
respiration of this muscle. Therefore, a number of studies were 
performed on the glycogen-lactate balance of excised rat dia- 
phragm during incubation in buffered salt solution. 


EXPERIMENTAL 


Diaphragm muscle was obtained from young rats as described 
previously (1). The rats that received curare were given 3 mg. 
of d-tubocurarine chloride intraperitoneally and were decapitated 
just as respiration ceased. 

The incubation medium was calcium-free Ringer-phosphate, 
pH 7.4, as described by Umbreit (2). Control and experimental 
tissues (paired hemidiaphragms from a single rat) were placed in 
3 ml. of medium. The control tissues were placed in hot KOH 
when the experimental tissues were placed in the water bath; the 
latter were shaken at 37° for 4 hours; the gas phase was air. 

Tissue glycogen was determined by digesting the tissue in 1 
ml. of 40 per cent KOH at 100° for 30 minutes. After cooling, 
1.1 ml. of 95 per cent ethanol was added and mixed, and the tubes 
were centrifuged. The precipitated material was washed twice 
with 60 per cent ethanol. The glycogen was hydrolyzed by 
adding 1 ml. of 1 n HCl and heating at 100° for 2 hours. Glucose 
was determined on the neutralized products of hydrolysis by the 
method of Somogyi and Nelson (3). The glycogen content was 
calculated as mg. of glucose per gm., fresh wet weight, and not 
as mg. of glycogen. 

Lactate was determined on the medium of control and experi- 
mental flasks by the method of Barker and Summerson (4). It 
was assumed that lactate diffused freely and that the concentra- 
tion in the medium was a very close approximation of that within 
the tissue, and therefore the total lactate present in the large 
volume (3 ml.) of medium represented essentially all of the lactate 
produced by the small volume of tissue (100 mg.). 

The sodium acetate was analytical reagent grade and recrystal- 
lized five times. All other chemicals were obtained from com- 
mercial sources and were not repurified. The glycogen-lactate 


* The opinions expressed herein are those of the authors and 
are not to be construed as reflecting the views of the Navy De- 
partment or the naval service at large. 


balance was calculated in the following manner: 
Glycogen disappeared 
= control glycogen — postincubation glycogen 
Lactate formed = post-incubation lactate — control lactate 
Glycogen ‘‘metabolized”’ 
= glycogen disappeared — lactate formed. 
RESULTS 


Table I presents the results of glycogen-lactate balance from 
rat diaphragms incubated in Ringer-phosphate and in Ringer- 
phosphate plus sodium acetate, and from diaphragms of animals 
paralyzed with curare. It can be seen that there is vigorous 
glycogenolysis, but there is also very definite lactate formation; 
lactate formation accounts for approximately 50 per cent of the 
glycogen disappearing. In the presence of sodium acetate, there 
is an apparent increase in glycogenolysis, but the “metabolized” 
glycogen is not significantly different from the controls. The 
net balance for animals paralyzed with curare before decapitation 
is essentially the same as for the group of animals simply de- 
capitated. Four experiments were performed with muscle in 
the presence of 10 ug. of ergotamine tartrate; there was no detect- 
able difference in the presence of this drug. In an additional 
four experiments, muscle was incubated with 10 yg. of epi- 
nephrine. The results, which confirmed the work of Walaas and 
Walaas (6) indicated a moderate increase in glycogenolysis and 
lactate formation. The results of these latter two groups of 
experiments are not considered sufficiently important to tabulate. 

The theoretical percentages of oxygen consumption given in 
Table I are based on the fact that diaphragm from a 100-gm. rat 
has, in this laboratory, a reproducible Qo, (wet) of 2 ul. which is 
equivalent to 357 umoles of O2 per gm. wet weight per 4 hours; 
the glycogen “metabolized” in mg. per gm. was corrected to 
umoles of glucose and this was multiplied by 6 to determine 
theoretical oxygen consumed. The value obtained, divided by 
357 and multiplied by 100, was used to express percentage of 
oxygen consumption. Although it is not shown in Table I, it is 
of some interest that during the 4-hour incubation, approxi- 
mately 90 per cent of the muscle glycogen disappeared. Thus, 
even if no lactate were formed, the tissue glycogen could support 
only 20 per cent of the oxygen consumption of the tissue. 


DISCUSSION 


From the data presented it is apparent that under the condi- 
tions of these experiments there is active glycogenolysis, but 
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Glycogen-lactate balance of rat diaphragm incubated for 4 hours in Ringer-phosphate solution (RP) 

One hemidiaphragm (approximately 100 mg.) served as a control and the opposite hemidiaphragm was incubated for 4 hours. Both 
hemidiaphragms were placed in 3 ml. of calcium-free, Ringer-phosphate, pH 7.4. Acetate, when added, was sodium acetate in a con- 
centration of 12 umoles per 3 ml. (4 X 10-* m), and the pH was maintained at 7.4. Approximately 20 minutes elapsed before the start 
of incubation. The control tissue was removed at the start of incubation and control glycogen content of the tissue and lactate level 
of the medium were determined. All chemical values are expressed as mg. per gm. wet weight of tissue. The p values for “plus ace- 
tate’ and ‘‘animals curarized’’ experiments are derived from comparison of these means of the ‘theoretical percentage of oxygen con- 
sumption” with the mean of tissue incubated in Ringer-phosphate, with the use of the Student ¢ test as described by Fisher (5). Vari- 
ations are expressed as estimated standard errors and are listed for the sake of clarity only for theoretical percentages of oxygen 
consumption; calculation of the other variations revealed that they were of the same proportionate order of magnitude. 





























Gh 
I ? ‘ he . Glycogen Lactate formed as aie Theoretical per- . 
ncubation medium |No. of experiments disappeared glucose a ; — of oxyora > Value 
| “Metabolized”’ mnient fo sump 
pin mg./gm. mg./gm. mg./gm. pmoles/gm. 
ee ee ee 8 1.735 0.764 0.972 5.40 9.08 + 2.75 
Plus acetate, 12umoles per | 
i Sire ck ss aici sles 6 2.718 1.063 1.655 9.20 15.45 + 4.00 | <0.3, >0.2 

RP, animals curarized.... .| 6 2.209 1.186 1.023 5.68 9.52 + 1.59 >0.9 





when lactate formation is subtracted, the theoretical contribution 
of glycogenolysis to the support of respiration is relatively small; 
the tissues incubated in Ringer-phosphate with or without prior 
curarization have a glycogen-lactate balance that could account 
for only 10 per cent of the oxygen consumption of the tissue 
during a 4-hour incubation. These studies were designed for 
direct comparison with earlier studies of endogenous labile fatty 
acid (1) and therefore the observations were made only at the 
end of a 4-hour incubation; there is a very good possibility that 
most of the glycogenolysis may occur during the early period of 
the incubation with a proportionately greater contribution to the 
support of respiration in the lst or 2nd hour and a proportion- 
ately lesser contribution in the 3rd and 4th hour. The experi- 
ments with animals paralyzed by curare were performed, because 
upon decapitation the untreated animal undergoes a vigorous 
convulsion and may deplete its muscle glycogen or otherwise 
alter muscle carbohydrate metabolism. The similarity of results 
with or without curare indicates that the abolition of gross con- 
vulsions does not alter the glycogen-lactate balance. Tuerki- 
scher and Wertheimer (7) have shown that epinephrine inhibits 
glycogen synthesis in vitro in the presence of added glucose and 
that this effect is inhibited by ergot preparations. Walaas and 
Walaas (6) have further shown that when small quantities of 
epinephrine are added in vitro to diaphragm incubated with 
glucose, there is increased glycogenolysis and increased lactate 
formation. In the present experiments, there is no significant 
difference when ergotamine is added, but this does not exclude 
the possibility that there is some effect from epinephrine released 
during the animals’ agonal moments. 

This accumulation of lactate does not represent an effect of 
anoxia, since muscle tissue handled in an identical manner but 
placed in Warburg vessels consumes oxygen at a steady rate; 
Qo, (wet) is 2 ult Using a human forearm preparation Andres 
et al. (8) also found a vigorous production of lactate by muscle 
despite brisk oxygen consumption. This accumulation of lactate 


1 Unpublished observations. 


is in agreement with the findings of Neilands (9) who reported a 
K value of 0.33 x 10-" for the equilibrium 


(pyruvate)(DPNH)(H*) 
(lactate)(DPN*) 





K 


when he studied crystalline lactic dehydrogenase of heart at low 
concentrations between pH 7.0 and 10.0. The accumulation 
would be further enhanced by the high affinity of pyruvate and 
low affinity of lactate for the enzyme. Thus freely diffusible 
lactate could escape into the relatively large surrounding medium 
(3-ml.) and even further reduce the chance for enzyme-substrate 
formation. Also this affinity of pyruvate for this enzyme may 
well be aided if acetate (as acetyl-S-CoA derived from the 
metabolic degradation of fatty acids) is saturating terminal 
pathways of respiration with slowing of pyruvic oxidase and 
accumulation at the pyruvate level of glycolysis. 

On the other hand, the fact that lactate (expressed as glucose) 
represents 50 per cent of the glycogen lost raises the question of 
whether the pyruvic oxidase pathway may be directly involved, 
since the sum reaction as described by Korkes et al. (10) is 


2 Pyruvate + CoA — acetyl-CoA + lactate + CO, 


Thus half of the glycogen-glucose disappearing would appear as 
lactate and the other half would enter a terminal respiratory 
system. 

Foster and Villee (11), however, found the same amount of 
incorporation of 1-C'*-pyruvate as 2-C- and 3-C-pyruvate into 
citric acid cycle components when muscle was incubated with 
glucose and labeled pyruvate. They logically deduced that CO, 
fixation is an important reaction under these conditions. The 
CO; fixation step would minimize the importance of the pyruvic 
oxidase pathway. Crane and Ball (12) also found significant 
incorporation of C-bicarbonate into pyruvate when rat dia- 
phragm was incubated with pyruvate and without glucose. 
Studies in this laboratory (13) have shown that when diaphragm 
muscle from fed rats is incubated with C-labeled glucose, the 
glucose carbon atoms contribute to avproximately 40 per cent 








1944 


of the CO, carbon atoms and the R. Q. increases from 0.74 to 
0.90; no data were obtained for muscle incubated with pyruvate, 
but there may well be increased carbohydrate metabolism in the 
presence of this substrate. Under conditions of increased carbo- 
hydrate metabolism, the interplay of enzyme systems may be 
quantitatively altered; CO. fixation and pyruvic oxidase may 
shift in their relative importance to the economy of this tissue. 

Despite the apparent failure of muscle to oxidize most of the 
lactate produced in these experiments, there is good evidence 
that extrahepatic tissues do actively oxidize lactate. Drury 
et al. (14) have shown that the eviscerated rabbit vigorously 
oxidizes L(+)-lactic acid. Bloom et al. (15) have demonstrated 
that rat diaphragm will oxidize C-labeled lactate. In the latter 
studies, however, 50 uwmoles of lactate were added and in the 
present experiments, the endogenously produced lactate was 
approximately 0.5 umole. The studies of Drury et al. (14) have 
indicated that the oxidation of lactate is directly proportional to 
concentration and, therefore, in the present experiments the actual 


Endogenous Glycogen of Rat Diaphragm 


Vol. 234, No. 8 


concentration may be well below the concentration required for 
any marked oxidation of this substrate. 

The values obtained from these experiments are consistent 
with the hypothesis that endogenous carbohydrate is a minor 
substrate for the direct support of respiration during a 4-hour 
incubation in vitro. It may well be, however, that the endog- 
enous carbohydrate serves some indirect but critical role in the 
economy of terminal respiration. 


SUMMARY 


The glycogen disappearance and lactate formation in rat 
diaphragm was studied after a 4-hour incubation in vitro. Gly- 
cogen that disappeared and could not be accounted for as lactate 
would support only 10 per cent of the oxygen consumption of 
this tissue. This value was not significantly altered by paralyz- 
ing with curare or adding ergotamine or sodium acetate to the 
incubation medium. 
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The important role ascribed to 2-deoxyribose in biological 
systems led us to investigate a novel colorimetric method for the 
estimation of 2-deoxy sugars. Although a number of analytical 
methods for the estimation of 2-deoxy sugars have appeared in 
the literature (1, 2), none have been found entirely satisfactory 
due to their attendant insensitivity. As a consequence, several 
investigators have introduced micromodifications involving the 
use of micro glassware and special equipment (3-5). 

In a preliminary account (6), a sensitive method of estimating 
2-deoxyribose was reported which is based on periodate oxidation 
and estimation of the ensuing malonaldehyde with 2-thiobarbi- 
turic acid. Despite the existence of discriminatory color tests 
for malonaldehyde (7-9) application of these tests to the quanti- 
tative estimation of 2-deoxy sugars has not been previously 
achieved. 


EXPERIMENTAL 
Reagents 


2-Thiobarbituric Acid (0.6 per cent, pH 2.0)—To 90 ml. of 
water, add 0.71 gm. of crystalline thiobarbituric acid! and 0.7 
ml. of 1.0N NaOH. Solution is facilitated by shaking the mix- 
ture in warm water. Adjust the volume to 100 ml. with water 
and filter the solution. This solution is sufficiently stable at 
room temperature for at least 30 days. The performance of 
the reagent is unaffected by appearance of yellow color on 
standing, but occasional filtration is required to remove traces 
of sediment. 

Periodic Acid Reagent—The reagent is 0.025 n periodic acid in 
0.125 w sulfuric acid. 


* This paper is taken from a dissertation to be submitted by 
L. D. Saslaw to the Graduate School of Georgetown University 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 

1 2-Thiobarbituric acid, 15 gm. (Eastman Kodak), are dissolved 
in 450 ml. of distilled water previously heated to 80-85°. The 
resulting yellow solution is filtered, whi-2 warm, through fluted 
paper, directly onto a 3 cm. X 28 cm.? column of Woelm acid 
aluminum oxide (activity grade 1) (obtained from Standard 
Scientific Supply Corporation, 808 Broadway, New York). Ex- 
traneous pigments are instantaneously adsorbed and bound to the 
alumina. The effluent is allowed to remain undisturbed for 3 
hours. The crystals are filtered with suction, washed with cold 
distilled water, and air-dried. Approximately 9 gm. of crystals 
are obtained. 


C,H.N 2802-14 H,0 


Calculated: C 28.06, H 4.12 
Found: C 28.32, H 4.00 


Arsenite Solution—The solution is 2 per cent reagent grade 
sodium arsenite in 0.5 n HCl. 

Extraction Solvent—One volume of reagent grade isoamy] 
alcohol is mixed with one volume of 12 N HCl. This mixture is 
prepared fresh daily. 

Malonaldehyde bis-Bisulfite, Sodium Salt—The preparation of 
this compound has been reported (10). Dissolve 11.0 mg. of 
the compound in 2000 ml. of water. One ml. furnishes 1.25 
ug. of malonaldehyde. The solution is stable for 30 days when 
stored at 4°. 

Other materials were obtained from commercial sources except 
where indicated. 


Analytical Procedure 


Mix 0.5 ml. of the periodic acid reagent with 3.5 ml. of an 
aqueous solution containing 0.2 to 12.5 yg. of a 2-deoxyaldose 
in a test tube. An oxidation period of 20 minutes is optimal for 
sugars bearing a cis diol configuration at carbons 3 and 4 whereas 
a 40-minute oxidation period is required for sugars bearing a 
trans grouping. Add 1.0 ml. of arsenite solution and mix well 
to terminate the oxidation. A transitory iodine discharge occurs, 
and 1 minute later, transfer an aliquot of 1.0 ml., or less, to a 
tube containing 2.0 ml. of thiobarbituric acid solution. Bring 
the volume to 3.0 ml. with distilled water and mix the contents 
of the tube. Prepare a blank by mixing 2.0 ml. of thiobarbituric 
acid solution with 1.0 ml. of distilled water. Fit the tubes with 
teardrop condensers and heat them in a boiling water bath for 
20 minutes. Cool the tubes for 2 minutes in water at room 
temperature and measure the intensity of the pink solution at 
532 my? 

If the color is too faint for spectrophotometric measurement, 
the following extraction procedure is recommended. After 
cooling, add 1.0 ml. of the extraction solvent to each tube. 
Stopper the tubes and shake them vigorously by hand for 20 
seconds. Centrifuge for 1 minute at low speed to hasten separa- 
tion of the phases. Withdraw the pink upper phase, using a 
capillary pipette fitted with a rubber bulb, and transfer it to a 
micro cuvette.2 Measure the absorbancy at 532 my with the 
adapter described by Lowry and Bessey (11). 


? Beckman DU and Warren Spectracord spectrophotometers 
were used in this study. 

* The micro cuvettes may be rapidly cleaned between analyses 
by successive rinsings with 50 per cent pyridine in isoamy] alcohol, 
water, and acetone. 
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RESULTS 


Estimation of Malonaldehyde 


Malonaldehyde bis-bisulfite, sodium salt was found useful in 
establishing the conditions of assay. Aliquots of the bisulfite 
addition compound solution, adjusted to 1.0 ml. with distilled 
water, were heated for 20 minutes with the thiobarbituric acid 
reagent. The visible absorption spectrum of the pink solution 
was in agreement with spectra reported by other workers (12, 
13). A linear relationship exists between concentration and 
optical density (Fig. 1). The reproducibility of the method was 
found to be +3 per cent. 

Effect of Heating Period—Although Beer’s law agreement is 
obtained for a 5-minute heating period, the maximal color inten- 
sity occurs after 20 minutes. Color intensity is stable for 30 
minutes at room temperature after cooling, but thereafter 
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Fig. 1. Relationship between concentration of malonaldehyde 
and optical density. The reactions were performed as described 
in the text. 
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pH OF THIOBARBITURIC ACID-MALONALDEHYDE SOLUTION 


Fia. 2. Influence of pH of thiobarbituric acid reagent on color 
yield. Each tube contained 0.625 ug. of malonaldehyde, as a 
1.0-ml. aqueous solution of the bisulfite addition compound, 2.0 
ml. of thiobarbituric acid reagent (0.6 per cent, pH 2.0) and 2.0 
ml. of either dilute NaOH or HCl as required. Spectrophoto- 
metric measurements were made at 532 mu. 
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TaBLeE I 
Behavior of diluted chromogen solutions 














Malonalde- | Optical densit Malonalde- | ora ae 
hyde* oo 532 mg . | ‘hydet oo ainda Ratio} 
| chromogen 
as. ug. 
0.125 0.094 1.25 | 0.091 0.97 
0.313 0.222 3.13 0.228 1.03 
0.625 | 0.443 | 6.25 0.452 1.02 
0.938 0.660 | 9.38 0.665 1.01 
1.250 0.885 | 12.50 | 0.905 1.02 





* Aliquots of malonaldehyde bisulfite addition compound solu- 
tion were adjusted to 1.0 ml. with distilled water and heated for 
20 minutes with 2.0 ml. of 0.6 per cent thiobarbituric acid. 

t Malonaldehyde bisulfite addition compound was treated as 
above and chromogen solutions were diluted 10-fold with 0.01 n 
HCl for absorbancy measurements. 

Optical density of diluted chromogen 


Optical density of undiluted chromogen 





progressive diminution of color occurs due to the presence of 
bisulfite ion. Neither the rate of color development, nor the 
color yield, was affected by the initial inclusion of 50 yg. of 
sodium m-bisulfite. Consequently, the color yield obtained 
for a 20-minute heating period is regarded as maximum for the 
amount of available aldehyde. 

Effect of pH—Variation of color intensity with change in pH 
(Fig. 2) is due to change in the extinction of the chromogen and 
small shifts in the position of the absorption maximum. This 
effect has been previously established for the related assay of 
2-aminopyrimidine derivatives (14). 

Behavior of Other Reagents—Thiobarbituric acid, barbituric 
acid, and phloroglucinol react in similar manner with many 
aldehydes (15). Any of these compounds may be used for esti- 
mation of malonaldehyde. However, the red phloroglucinol 
derivative was found to be about one-fifth as intensely colored as 
the pink thiobarbituric acid derivative. Barbituric acid (0.6 per 
cent, pH 2.0) was found to be nearly as sensitive as thiobarbituric 
acid, but the heating period required for quantitative condensa- 
tion is greater than 100 minutes. The barbituric acid derivative 
of malonaldehyde is yellow and less suitable for estimations of 
malonaldehyde in tissue extracts, due to the presence of other 
constituents which generate yellow colors. 

Macromodification—Concentrations of malonaldehyde from 
1.5 to 12.5 wg. per ml. give rise to solutions which are too intensely 
colored for spectrophotometric measurements. Such solutions 
may be diluted to obtain measurable absorbancies provided the 
pH is maintained at 2.0. The concentration of malonaldehyde, 
from chromogen solutions diluted with 0.01 n HCl, may be 
directly calculated from the dilution (Table I). 

Micromodification—The extraction procedure permits exten- 
sion of the assay to the nanogram‘ range (1 ng. = 10-° gm.). 
The visible spectrum of the chromogen is unchanged by extrac- 
tion and the color intensity is stable at least 3 hours. A second 
extract contained no chromogen. The optical density was 
proportional to concentration from 12.5 to 125.0 ng. per ml. 


4 The prefix ‘“‘nano,’’ although presently not in common usage, 
appears in the list of “Symbols for Units of Measurement’’ recom- 
mended by the American Association for the Advancement of 
Science. (See Science, 120, 1078 (1954).) 
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With the use of 2.5 X 10 X 25-mm. micro cuvettes, the follow- 
ing relationship was obtained. 


Total ng. of malonaldehyde = 
(207) (optical density at 532 my)+5 per cent 


For use with micro cuvettes of smaller capacity, the proportion 
of isoamyl] alcohol in the extraction solvent may be reduced, 
thereby further enhancing the sensitivity of the procedure. 


Estimation of 2-Deoxy Sugars 


Effect of Duration of Oxidation—The yield of malonaldehyde, 
derived from several 2-deoxy sugars, varies with the length of 
the oxidation period (Fig. 3). Digitoxose (2,6-dideoxy-p- 
ribo-hexose), 2-deoxygalactose (2-deoxy-p-lyxo-hexose), and 2- 
deoxyallose (2-deoxy-p-ribo-hexose), each bearing cis diol groups 
at carbons 3 and 4, furnish curves nearly identical to that ob- 
tained for 2-deoxyribose (2-deoxy-p-erythro-pentose). Two 
sugars, 2-deoxyxylose (2-deoxy-p-threo-pentose) and 2-deoxy- 
glucose (2-deoxy-D-arabino-hexose), bearing a trans configuration, 
require a 40-minute oxidation period.’ Differences in the lability 
of cis and trans groups to periodate oxidation have been noted 
previously (16). 

In each instance, the visible spectrum of the chromogen, 
obtained from these sugars, conformed to that established for 
the malonaldehyde-thiobarbituric acid chromogen. The maxi- 
mal yield of chromogen was in agreement with the yield based on 
the extinction of the chromogen obtained from the bisulfite 
addition compound. 

The rapid release of malonaldehyde from galactal supports the 
suggestion of Edward and Waldron (7) that galactal is oxidized 
directly by periodate to a dialdehyde. Malonaldehyde is de- 
rived from 3-deoxyglucose (3-deoxy-p-ribo-hexose) after a two- 
step oxidation involving the intermediary appearance of an O- 
formyl group on the carbon formerly designated as carbon 4. 
After hydrolysis of this ester, the resulting 2-deoxyaldose can be 
oxidized to yield malonaldehyde. 

Effect of Sulfuric Acid Concentration in Periodate Reagent— 
Sulfuric acid is present in excess. Raising the pH to 4.0 does 
not influence the rate of malonaldehyde production from either 
2-deoxyribose or 2-deoxyglucose. Since pH 4.0 is optimal for 
“overoxidation” (17), malonaldehyde is therefore not oxidized 
under the experimental conditions. 

Color Development—Attempts to remove or destroy the re- 
maining periodic acid by addition of ethylene glycol or sodium 
bisulfite, by stannous chloride reduction, or by precipitation 
with heavy metal cations, led to turbid or unstable solutions 
during subsequent color development. The arsenite solution 
is compatible with color development provided the tubes are 
allowed to cool at room temperature. Subjecting the tubes, 
after color development, to temperatures below 20° causes 
turbidity and results in gradual adsorption of the chromogen on 
the suspended particles. Should rapid cooling at lower tempera- 
tures be desired, 0.3 per cent thiobarbituric acid, pH 2.0, may be 
used without such difficulties. The pink color is stable at least 
4 hours, in contrast to the fading associated with the bisulfite 
addition compound. 

Malonaldehyde may be recovered quantitatively from the 
arsenite-reduced solutions by distillation nearly to dryness in an 


5 The oxidation period for 2-deoxyglucose may be reduced to 
20 minutes by conducting the oxidation in a water bath at 37°. 
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OXIDATION TIME (MINUTES) 


Fic. 3. Effect of oxidation time on yield of malonaldehyde. 
Arsenite-reduced solution, 1.0 ml. (equivalent to 1.0 wg. of sugar) 
was heated with 2.0 ml. of thiobarbituric acid reagent (0.6 per 
cent, pH 2.0). Per cent yield of malonaldehyde was calculated 
from the maximal amount of malonaldehyde theoretically avail- 
able by oxidation of sugar. Galactal, X——%X; 2-deoxyribose, 
@——@; 2-deoxyglucose, B——§; 2-deoxyxylose, A——A; and 
3-deoxyglucose, O——O. 


all-glass still. Both the arsenite-reduced solutions and the dis- 
tillates may be stored at 4° for 3 days without loss of malonal- 
dehyde. 

Periodate oxidation, and destruction of excess periodate, may 
be carried out with a 5-fold decrease in volumes of solution used 
so that the 1.0 ml. obtained may be heated directly. with 2.0 
ml. of thiobarbituric acid. In practice, the 5.0 ml. obtained 
after arsenite addition is of advantage in permitting both repli- 
cate and ancillary determinations and in allowing for limited 
storage of material. 

Macro- and Micromodifications—The macromodification pre- 
sented for the bisulfite addition compound is applicable to 2- 
deoxyaldose estimations without further precautions. When 
the extraction procedure of the micromodification is used, upon 
standing, a gradually increasing turbidity appears in the aqueous 
phase which later results in deposition of insoluble material at 
the interface. To obtain an optically clear phase, the alcohol 
layer should be withdrawn within 30 minutes after extraction 
has been completed. 

Other Reacting Compounds—In this study, 1.0-ml. aliquots of 
aqueous solutions of each compound were heated for 20 minutes 
with 2.0 ml. of 0.6 per cent thiobarbituric acid, pH 2.0. In most 
cases a relatively high concentration is required for appearance 
of substantial color intensity, but absorption at 532 my is low 
(Table II). Some of these compounds have been reported to 
produce red or orange colorations when tested with thiobarbi- 
turic acid under varying conditions (18-21). 

The chromogen obtained with 2-aminopyrimidine, has been 
found to exhibit identical spectral characteristics to the malonal- 
dehyde-thiobarbituric acid chromogen (12). Although many 
pyrimidines have been studied (14), the mechanism of chromogen 
formation has not been elucidated. The characteristic spectrum 
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TaBLe II 
Reactions of various compounds with thiobarbituric acid 
| 








_ | Optical 
Compound Gise | ag | oSta | Sia 
pg./ml. | 

Sodium pyruvate...... 1000 0.007 Yellow | Fades 
Glyceraldehyde........ 1000 0.061 Yellow | Fades 
Dihydroxyacetone..... 1000 0.058 Yellow | Fades 
Glycol aldehyde....... 1000 0.565 Amber Fades 
Glyoxylic acid......... 1000 0.015 Yellow | Fades 
ee 1000 0.014 Yellow | Fades 
Acetylacetone......... 1000 0.000 Yellow | Fades 
2-Aminopyrimidine. ... 10 0.143 Pink Violet 
Malonaldehyde........ 1 0.706 Pink Violet 
Hydroxymalonalde- 

BIN cia c av meskes asi 500 0.000 Yellow | Orange 
Sialic acidf............ 10 0.047 Pink Fades 
Shikimic acidf......... 20 0.040 Amber Fades 
“i poe pane ms 0.023 | Yellow | Fades 

SN eis 200 0.205 Pinkt Fades 
Glucosaminef.......... 200 0.000 Yellow | Fades 

















* At room temperature within 5 minutes after addition of 0.1 
ml. of saturated NaOH. 

+ After prior oxidation with periodate as in assay for 2-deoxy 
sugars. 

t Heating period with thiobarbituric acid was reduced to 3 min- 
utes. 


has also been obtained with oxidized preparations of highly 
unsaturated fatty acids (12, 13). However, 500 yg. of either 
methy] linoleate or linolenic acid (dissolved in glacial acetic acid 
under conditions permitting assay of malonaldehyde) did not 
result in measurable color production. 

The behavior of several compounds structurally related to 
malonaldehyde is noteworthy. Hydroxymalonaldehyde (triose 
reductone) produced a yellow color. Unlike a previous finding 
(19), no absorbancy was detected at 532 mu. Reaction of enol- 
glutacondialdehyde, the vinylogue of malonaldehyde, to yield a 
blue-green color was verified (22). Formylacetic acid (malonic 
semialdehyde) was not tested directly but was presumably 
obtained by two different procedures. Colored solutions derived 
from periodate-oxidized 2-deoxygluconic acid (2-deoxy-D-arabino- 
hexonic acid) and from solutions of formylacetic acid ethy] ester 
were both observed to exhibit similar diffuse spectra in the 
yellow region. 

Oxidation of sialic acid, by periodate, subsequently followed 
by reaction with thiobarbituric acid, results in formation of a 
pink chromogen differing in properties from the malonaldehyde- 
thiobarbituric acid chromogen. The absorption maximum oc- 
curred at 549 mu. This chromogen appears identical to that 
ascribed by Weissbach and Hurwitz (23) to reaction of 6- 
formylpyruvic acid. Formation of formylpyruvic acid from 
periodate-oxidized 2-keto-3-deoxyheptonic acid was used by 
these workers in analytical and enzymatic studies (24). Formyl- 
pyruvic acid production, and reaction with thiobarbituric acid, 
has also been used for the estimation of 2-keto-3-deoxygluconic 
acid (25). 

Periodate oxidation of shikimic acid results in formation of a 
conjugated aldehyde (26). Colorimetric estimation of shikimic 
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acid, based on periodate oxidation and subsequent reaction with 
thiobarbituric acid, will be reported elsewhere.* 

Oxidation of N-acetylglucosamine, in contrast to glucosamine, 
results in formation of a product which yields an unstable pink 
chromogen upon reaction with thiobarbituric acid. The nature 
of the product has not been explored. 

The following compounds, in concentrations of 50 ug. per ml. 
do not produce measurable color in either the direct assay of 
malonaldehyde or in the assay of periodate-oxidized 2-deoxy 
sugars: D-glucose, D-fructose, D-galactose, D-mannose, D-ribose, 
p-arabinose, sucrose, lactose, maltose, and L-ascorbic acid. 
Digitoxose, 2-deoxyribose, 2-deoxyglucose, 2-deoxygalactose and 
2-deoxyallose in concentrations of 50 ug. per ml. do not meas- 
urably interfere in the direct assay of malonaldehyde. 

The behavior of the various derived chromogens, upon addition 
of 0.1 ml. of saturated NaOH, is of special interest. The 
malonaldehyde-thiobarbituric acid chromogen exhibits a spectral 
shift to a higher wave length resulting in a change in color from 
pink to violet. At room temperature the violet color fades 
slowly over a period of several hours. This behavior is also 
common to the chromogens derived from oxidized unsaturated 
fatty acids, 2-aminopyrimidine, and to epihydrin aldehyde 
diethyl acetal (glycidaldehyde diethyl acetal). Addition of 
NaOH causes many other chromogens to fade completely (Table 
II). 


DISCUSSION 


Kohn and Liversedge (27) obtained a pink coloration, with an 
absorption maximum at 532 muy, by heating aerobically incubated 
tissue suspensions with thiobarbituric acid. A chromogen with 
similar spectral properties and chemical characteristics was 
observed after heating certain derivatives of 2-aminopyrimidine 
with thiobarbituric acid. The presence of a previously unrecog- 
nized pyrimidine moiety was suggested although aldehydic 
properties were also indicated (28). The reaction was later 
utilized for the estimation of a variety of pyrimidine derivatives 
including several sulfa drugs (14, 29). 

However, Bernheim et al. (30) demonstrated the association 
of the color-producing material with lipides and concluded that 
the chromogen obtained by Kohn and Liversedge was due to an 
oxidation product of highly unsaturated fatty acids. Elemental 
analysis of an impure chromogen preparation implicated partici- 
pation of a 3 carbon aldehyde. Identification of a specific 
reactant as malonaldehyde was established and confirmed by 
others (12, 13). 

Reactions of various aldehydes with thiobarbituric acid have 
been reported (15, 31-33) and such reactions provided a basis for 
the estimation of several aldehydes and carbohydrates (34, 35). 
Dox and Plaisance (15, 32) observed the formation of insoluble 
crystalline derivatives after heating either aromatic or hetero- 
cyclic aldehydes with thiobarbituric acid in 12 per cent HCl. 
No reactions were observed with aliphatic aldehydes. 

Study of the behavior of a variety of aldehydes led us to con- 
clude that reaction with aqueous thiobarbituric acid, resulting 
in formation of insoluble, or sparingly soluble, colored crystalline 
derivatives, is characteristic of conjugated aldehydes. Such 
phenomena have been observed with aliphatic, aromatic, and 


6 Biochim. et Biophys. Acta, in press. 
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heterocyclic aldehydes.? Malonaldehyde is known to exist as an 
a,6-conjugated aldehyde in the tautomeric form of 8-hydroxy- 
acrolein (36). Formation of a colored ferric chloride complex is 
indicative of the presence of the enolic tautomer (37). Micro- 
gram quantities of malonaldehyde react with aqueous thiobarbi- 
turic acid to produce an intensely pink-colored solution which, 
upon cooling, results in formation of purple microcrystalline 
needles. This behavior is in agreement with the contention 
that thiobarbituric acid selectively forms crystalline derivatives 
with conjugated aldehydes. 

As a consequence of studies by Bernheim and his associates 
(21, 38) interest was stimulated in the thiobarbituric acid test 
as a measure of fat oxidation and rancidity in biological (39-42) 
and technological (43-45) areas. In a comprehensive study of 
the Kreis test for rancidity in food materials, Powick (46) re- 
ported that the red product obtained in the test is due to reaction 
of the phloroglucinol reagent with epihydrin aldehyde. Malonal- 
dehyde was not subjected to the Kreis test but was excluded on 
indirect evidence. We have observed that malonaldehyde and 
an authentic sample of epihydrin aldehyde diethyl acetal each 
yield indistinguishable products with thiobarbituric acid (or 
with phloroglucinol) as judged by examination of the visible 
spectra. Although it has been suggested that epihydrin aldehyde 
may be formed by rearrangement of malonaldehyde (47), defini- 
tive evidence is lacking. 

Colored products are obtained by condensing malonaldehyde 
with any of several reagents known to exist as both enol and 
keto tautomers. The red phloroglucinol derivative, and the 
pink thiobarbituric acid derivative, are each resistant to the 
action of NaOH which induces a spectral shift to the violet 
region. The barbituric acid derivative, a Dimedon (5,5- 
dimethyl-1 ,3-cyclohexanedione) derivative, and a 4-amino-2,6- 
dihydroxypyrimidine derivative are each yellow, and addition 
of NaOH causes the visible spectra to shift to the pink region. 
Since several 5-substituted barbituric acid derivatives failed to 
yield color with malonaldehyde, a methylene group adjacent 
to a carbonyl group appears necessary for chromogen formation. 

Intermediary formation of malonaldehyde has been proposed 
during periodate oxidation of 2-deoxy sugars (7, 9, 48, 49) and 
the aldehyde has been demonstrated to resist attack by periodate 
(50). The present analytical method for free 2-deoxy sugars is 
characterized by a stable aldehyde intermediate and a stable 
chromogen which permit considerable freedom of modification. 
The procedure, when augmented by controlled oxidation period 
studies, may also prove useful for elucidation of carbohydrate 
configurations. The specificity of the test is enhanced by addi- 
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tion of alkali after color development. Chromogens of various 
colors, obtained with a variety of conjugated aldehydes, were 
found to fade rapidly after addition of NaOH. The absorption 
maximum of the malonaldehyde-thiobarbituric acid chromogen 
exhibits a shift in the region of 532 to 557 mu depending upon 
the quantity of alkali added. Such alkali-treated chromogen 
solutions are suitable for spectrophotometric measurements. 

Earlier results indicating extension of the method to analysis 
of deoxyribonucleic acid constituents (6) are being pursued. 
Purine deoxyribonucleosides yield less than 1 per cent of the 
color obtained with an equivalent amount of deoxyribose. 
Deoxyribose-5-phosphate and purine deoxyribonucleotides do 
not yield color under the present assay conditions. These 
observations are in contrast to results obtained using other 
colorimetric procedures which cannot discriminate among these 
substances (1). In a future report, modifications will be pre- 
sented permitting the differential analysis of deoxyribose, deoxy- 
ribonucleosides, and deoxyribonucleotides. 


SUMMARY 


A highly sensitive method of estimation of 2-deoxy sugars is 
described. The procedure depends upon oxidation of free 2- 
deoxy sugars by periodate to yield malonaldehyde. The alde- 
hyde is condensed with thiobarbituric acid to obtain a pink 
chromogen which is estimated spectrophotometrically. Reac- 
tion condition studies are described and useful modifications are 
presented. The participation of some related compounds is 
discussed and some aspects of the nature of the reactions are 
indicated. 
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Although citrate occupies a central position in the metabolic 
oxidation of carbohydrates, it is of considerable interest that at 
any one instant the largest proportion of total body citrate is 
found in the calcified tissues (1). Levels of citrate as high as 
5.25 per cent of the dry, fat-free herring spine have been reported 
(2). The bone citrate is firmly bound, not being readily ex- 
tracted with water even after steam treatment, and apparently 
withstands the ravages of time, since it has been detected in 
medieval and prehistoric samples (3). 

Until recently it was generally accepted that citrate accumu- 
lation in calcified tissues was a result of an imbalance in the en- 
zyme pattern found in the area of growth (4). Thus, an ex- 
tremely low level of isocitric dehydrogenase activity in the head 
of the rabbit femur was considered as a metabolic block which, 
by preventing the metabolism of isocitric acid, allowed an equi- 
librium to be reached among isocitric acid, cis-aconitic acid, and 
citric acid, an equilibrium which by far favors the latter com- 
pound. In preliminary reports, however, it has been suggested 
that the activity of isocitric dehydrogenase in the epiphysial area 
of the rabbit femur is considerably higher than previously re- 
ported and that the occurrence of citrate accumulation may be 
through a regulation of isocitric dehydrogenase activity rather 
than a lack of the enzyme (5, 6). This communication expands 
on these suggestions, and data are presented on the activities of 
aconitase and isocitric dehydrogenase in various areas of the 
femurs from dogs and rabbits. 


EXPERIMENTAL 


Preparation of Tissues—Rabbits of the New Zealand White 
strain were taken from the stock colony for use in this experi- 
ment. The growing rabbits were 8 to 9 weeks old when killed 
and showed normal epiphysial cartilage. Adult rabbits, taken 
from the breeding stock, were 3 to 4 years old. The dogs used 
in the experiment were mongrels; the growing animals were ap- 
proximately 9 months old and the adults, 4 years old. The 
animals were exsanguinated by means of jugular drainage; the 
femurs were removed rapidly, partially cleaned of adhering tis- 
sue, and then frozen in solid CO2. While frozen; the femurs 
were cleaned of muscle, connective tissue, and periosteum, and 
then were sawed into several sections. In the case of young ani- 
mals, the sections consisted of epiphysis, epiphysis-metaphysis, 
and cortex. The marrow was removed from the shaft marrow 
space and assayed separately. In the case of old animals, the 


* The opinions or assertions contained herein are the private 
ones of the writer and are not to be construed as official or as 
reflecting the views of the Navy Department or the United States 
naval service at large. 


same relative areas were employed, although an epiphysial plate 
no longer existed. The calcified sections were crushed in solid 
CO: to permit passage through an 8 mesh sieve. Extracts of the 
sections were made by treating 1.0 gm.-samples with 2.0 ml. of 
0.1 m Tris! buffer, pH 7.4, at 0°, and then by centrifuging them 
for 15 minutes at 1100 xX g. 

Methods of Analysis—Aconitase activity was estimated by the 
spectrophotometric method of Racker (7) in which 0.2 ml. of 
tissue extract is added to 2.8 ml. of 0.05 m phosphate buffer, pH 
7.4, containing 0.03 m citric acid, and the increase in absorbancy 
at 240 my is measured for several minutes. To estimate the 
quantity of cis-aconitic acid formed, an extinction coefficient of 
3.62 cm.? per umole was employed. 

Isocitric dehydrogenase activity was determined by the spec- 
trophotometric method of Grafflin and Ochoa (8) with the addi- 
tion of KCN to prevent the reoxidation of reduced TPN, and 
nicotinamide to inhibit TPNase activity. The complete system 
consisted of 2.3 ml. 0.05 m Tris buffer, pH 7.4; 0.1 ml. of 0.018 
mM MnCl, 0.1 ml. of 0.00135 m TPN*; 0.1 ml. of 0.006 m pL-iso- 
citrate; 0.1 ml. of 0.03 m KCN, 0.1 ml. of 0.66 m nicotinamide; 
and 0.2 ml. of tissue extract. The increase in absorbancy was 
observed for 1 to 2 minutes at 15-second intervals and the for- 
mation of TPNH calculated with the use of an extinction co- 
efficient of 6.22 cm. per ymole. 

The protein content of the extracts was determined by the 
method of Lowry et al. (9). 


RESULTS AND DISCUSSION 


Preliminary Experiments—When the metabolic activity of the 
rabbit femurs was first investigated, it was apparent that con- 
siderable isocitric dehydrogenase activity could be demonstrated 
in the various sections of the bone. Since these observations 
were in striking contrast to the values in the literature, a more 
thorough study was indicated. Fig. 1 shows the rapid reduction 
of TPN*+ which was obtained in the presence of epiphysial ex- 
tracts and the complete assay system. If isocitrate and TPN* 
were omitted from the system, no change in absorbancy was ob- 
served. The addition of isocitrate did not elicit a response until 
TPN* was also introduced. A reversal of the order of addition 
produced no reaction until both reactants were added. Although 
not shown in the figure, a lack of manganese ions resulted in re- 
duced activity, and DPN+ could not substitute for TPN*. 
These findings suggest that the previous reports in the literature 
(4) may have been minimal activities attributable to a lack of 
cofactors necessary for optimal values. 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Fic. 1. Time course of isocitric dehydrogenase activity of 
epiphysial rabbit femur. A——A, complete system as described 
in text. O——O, incomplete assay system with isocitrate and 
TPN* added when indicated. @——®@, incomplete assay system 
with isocitrate added as indicated but TPN* withheld. 


The method of extraction of isocitric dehydrogenase from the 
calcified sections was investigated, and it was found that treat- 
ment with Tris buffer with constant agitation with a stirring rod 
for 10 minutes produced maximal activity in the extracts. Ex- 
traction with Tris or phosphate buffer or sodium chloride solution 
for periods up to 4 hours did not produce greater activity. Fur- 
thermore, adsorption of the enzyme by the bone particles was 
excluded as a problem, since purified pig heart isocitric dehydro- 
genase could be quantitatively recovered when added to cortical 
bone chips. The pH optimum of the enzyme was determined to 
be 7.0 to 7.5 which corresponds very well with the pH optimum 
of pig heart isocitric dehydrogenase (10). Further evidence was 
obtained to substantiate the fact that isocitric dehydrogenase 
was actually being measured. Three samples of sodium iso- 
citrate from different commercial sources displayed identical 
activities when substituted in the system. Furthermore, the 
product of the reaction, a-ketoglutarate, was determined as the 
2,4-dinitrophenylhydrazone. Within 10 per cent this corre- 
sponded to the TPN reduced. 

Similar preliminary studies were carried out on the aconitase 
of femurs, and it was found that extraction of the calcified tissues 
for 10 minutes resulted in maximal activity in the extracts. Ad- 
sorption of aconitase to the bone chips does not appear to occur, 
since it was possible to recover a sample of rat kidney aconitase 
quantitatively when it was added to a sample of cortical bone 
particles. Racker (7) has indicated that the rate of formation 
of cis-aconitic acid from citric acid is about one-seventh as rapid 
as its formation from isocitric acid by purified heart muscle 
aconitase. A similar difference in rates was observed for the 
aconitase of bakers’ yeast. The experiments of Johnson (11) 
also suggest a more rapid conversion of cis-aconitic acid to citric 
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TaBLeE I 


Aconitase and isocitric dehydrogenase activities 
of young rabbit femur* 























Aconitase activity Isocitric dehydrogenase activity 
Section and 
No. of assays Per mg. Per gm. wet Per mg. Per gm. wet 
protein weight protein weight 

Epiphysis 

ae 0.395 + .050) 6.60 + .70)5.73 + .70| 92.44 8.8 
Epiphysis- 

metaph- 

ysis 

eee 0.391 + .060| 7.09 + 1.02/}4.40 + .38) 76.84 5.3 
Cortex (8).|0.228 + .080) 0.41 + .12/5.66 + .34/ 96+ 1.3 
Marrow 

tee: 0.387 + .050)12.55 + 1.50)3.60 + -30115.3 + 10.9 





* Aconitase activity expressed as wmoles of cis-aconitic acid 
formed per hour. Isocitric dehydrogenase activity expressed as 
pmoles of isocitric acid oxidized per hour. Values are followed 
by the standard error of the mean. 


acid than the reverse reaction under his conditions with the use 
of a pigeon breast muscle preparation. These differences in rates 
were also observed in the femur extracts. However, since we 
were most interested in the rate of citric acid degradation in the 
femur, this substrate was used in the analyses. 

Assay Results—Data concerning the activities of aconitase and 
isocitric dehydrogenase of various sections of the young rabbit 
femur are presented in Table I. Aconitase activities, reported 
as umoles of cis-aconitic acid formed per hour per mg. of protein, 
were similar in the epiphysis, epiphysis-metaphysis, and in the 
bone marrow. Cortex had somewhat less activity on the basis 
of protein and markedly less activity per gm., wet weight, of 
tissue. These values for aconitase are less than those reported 
by Dixon and Perkins (4), who measured the appearance of 
citric acid from cis-aconitic acid. Values approximating those 
of Dixon and Perkins (4) were obtained, however, when either 
isocitric acid or cis-aconitic acid was utilized as the substrate. 
The aconitase activity in various sections of femurs from old 
rabbits was also determined and found to be considerably lower 
than in the young animal. The head, neck, cortex, and marrow 
had values of 1.24, 0.74, 0.07, and 4.46 wmoles per hour per gm. 
of tissue, respectively. 

Isocitric dehydrogenase activity in the femur sections from 
young rabbits was many times higher than that reported by 
Dixon and Perkins (4). The highest activity per gm. of tissue 
was found in the marrow, with slightly less in the epiphysial area, 
and little activity in the cortical area. The values presented 
here are slightly higher than those presented in a preliminary 
note (5) and are probably a reflection of the improved assay sys- 
tem utilized. In the first studies neither KCN nor nicotinamide 
was added to the assay system; therefore some reoxidation of the 
reduced TPN or cleavage of TPN may have occurred, resulting 
in lower activity values. 

The low level of isocitric dehydrogenase activity in the cortical 
area of bone could be the result of either the presence of an in- 
hibitor of the enzyme or low enzyme content. The latter sug- 
gestion seems most probable in view of our inability to demon- 
strate any indication of an inhibitor. It was found that the 
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cortical extract when mixed with the epiphysial extract did not 
inhibit the activity of the latter. Also, a heat-denatured prep- 
aration of the cortical extract did not inhibit the epiphysial 
enzyme. 

Assays were also performed on femurs from old rabbits and 
the activities for the head, neck, cortex, and marrow were 15.9, 
18.5, 4.3, and 57.8 umoles of isocitrate oxidized per hour per gm. 
of tissue, respectively. Thus, both aconitase and isocitric de- 
hydrogenase decrease markedly in activity during the aging 
pre cess. 

The aconitase and isocitric dehydrogenase activities found in 
various sections of femurs from young dogs are presented in 
Table I]. Aconitase activity, reported as ymoles of cis-aconitic 
acid formed per hour per gm. of wet tissue, was approximately 
the same in the epiphysial and epiphysial-metaphysial areas, 
with the lowest activity in the cortical bone. The mid-shaft 
marrow showed the greatest activity on this basis of reporting. 
The measurement of aconitase of mature dogs was attempted. 
However, the values obtained were low and variable, thus they 
are not reported. 

Isocitric dehydrogenase activities, reported as uwmoles of iso- 
citric acid oxidized per hour per gm. of wet tissue, also were 
approximately the same in the epiphysial and epiphysial-meta- 
physial areas with the lowest activity in the cortical area. As in 
the case of aconitase, the mid-shaft marrow demonstrated the 
greatest isocitric dehydrogenase activity on the basis of weight 
of tissue. The dehydrogenase activity of the head, neck, cortex, 
and marrow of femurs from adult dogs was found to be 17.7, 
17.4, 1.2, and 8.0 wmoles of isocitric acid oxidized per hour per 
gm. of tissue, respectively. The observations on the dog femur 
are qualitatively the same as for the rabbit, that is, the isocitric 
dehydrogenase activity exceeds the aconitase activity and the 
activities of both enzymes are considerably lower in the adult 
animal. 


General Discussion 


The source of the aconitase and isocitric dehydrogenase found 
in the head of the femurs from dogs and rabbits is believed to be 
the cellular elements which pervade the trabeculated areas. A 
variety of studies has been reported on the metabolic activity of 
bone marrow, and the findings in this area of research have been 
reviewed recently (12). Whereas it is to be expected that the 
reactions occurring in the mid-shaft marrow are qualitatively the 
same as the marrow elements of the trabeculated bone of the 
head of the femur, it does not follow that the quantitative as- 
pects will be similar. The present work compares the rates of 
reaction in the various sections of femurs from young and adult 
animals and thus adds to our knowledge of the metabolic capac- 
ity of the femur. 

The findings of considerable isocitric dehydrogenase in the 
head of femurs from rabbits and dogs is in disagreement with 
previous reports and necessitates a re-evaluation of hypotheses 
as to the mechanism of citrate accumulation in calcified areas. 
One possibility presently under consideration is that there is a 
regulation of the level of TPN* in the marrow elements of the 
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TaB.e II 


Aconitase and isocitric dehydrogenase activities 
of young dog femur* 


Isocitric dehydrogenase 


Aconitase Activity activity 


Section and 
No. of assays ‘ 43 
Per gm. wet 


Per gm. wet 
weight 


Per mg. protein weight 


Per mg. protein 


Epiphysis 


(8).. 0.268 + .020'55.00 + .28 1.38 + .08 25.2 + 1.0 
Epiphysis- 

metaph- 

ysis 

(8). 0.225 + .0203.60 + .35) 1.41 4 .07/21.0 + 1.5 


Cortex (4) 
Marrow (4) 


0.166 + .09010.58 + .22) 1.43 4 .12)5.4 4+ 0.9 
0.222 + .0806.51 + 1.51) 1.58 + .1148.5 + 1.8 


* Aconitase activity expressed as ymoles of cis-aconitic acid 
formed per hour. Isocitric dehydrogenase activity expressed as 
umoles of isocitriec acid oxidized per hour. Values are followed 
by the standard error of the mean. 


trabeculated bone and, consequently, a regulation of isocitric 
dehydrogenase activity. 

The findings reported here might also be of importance in the 
interpretation of the mechanism of action of parathyroid hor- 
mone. The administration of this hormone causes a rapid in- 
crease in the level of citric acid of the blood (13). The caleitied 
tissues have been implicated as the source of this citric acid, since 
the spongiosal citric acid increases more rapidly than arterial or 
venous citric acid. These results have been discussed in terms 
of the capacity of bone to synthesize citric acid but inability of 
it to metabolize citrate because of a lack of isocitric dehydrogen- 
ase (14, 15). In view of the present findings, the possibility of 
parathyroid hormone affecting the metabolism of citrate by bone 
tissue must be considered. In this regard, Neuman et al. (14) 
have reported on the ability of parathyroid hormone to destroy 
the chromophoric group of reduced TPN. A subsequent report 
(15) that this destruction is mediated by a fraction other than 
the calcium-mobilizing fraction of parathyroid hormone suggests 
a complex relationship, the elucidation of which must await 
further experimentation. 


SUMMARY 


1. The activities of aconitase and isocitric dehydrogenase in 
various areas of the femurs from rabbits and dogs were investi- 
gated. 

2. In both animals the isocitric dehydrogenase activity ex- 
ceeded the aconitase activity of the epiphysis, epiphysis-me- 
taphysis, cortex, and mid-shaft marrow. 

3. Young rabbits and young dogs demonstrated considerably 
greater enzyme activity in the various sections of the femurs 
than mature animals. 

4. The results are discussed in terms of citric acid accumulation 
in calcified tissues and the mechanism of parathyroid hormone 
action. 
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Our present interest in the metabolism of sedoheptulose orig- 
inated unexpectedly from the discovery of its monophosphate as 
a product of incubation of rat liver supernatant and adenosine 
(1). In the course of this work, a process was devised for iso- 
lating the sedoheptulose monophosphate product and for pre- 
paring from it, sedoheptulosan, in pure crystalline form. The 
principles which were the basis of that research have now been 
utilized in a search for sedoheptulose phosphate in calf liver. 
This metabolite has now been isolated and has been character- 
ized not only as the phosphate-free crystalline sedoheptulosan 
but also as crystalline sedoheptulosan tetrabenzoate. In this 
paper, an account of these results is presented. 


EXPERIMENTAL 
Procedure 


Initial Extraction—Seven pounds of fresh calf liver were first 
ground in small portions in a meat grinder and extracted with 
twice the volume of cold distilled water in a Waring Blendor for 
approximately 2 minutes. After each extraction the homogenate 
was immediately heated in a boiling water bath for 5 to 10 min- 
utes to inactivate the enzymes and to coagulate some of the 
protein. To each heated extract, 95 per cent ethanol was added 
to a concentration of 50 per cent. The combined extracts were 
left in the cold room overnight. The total volume, 10 1., was 
centrifuged and the supernatant, 6 1., was left in the cold room 
overnight. The precipitate was re-extracted once more with 
50 per cent ethanol in a Waring Blendor followed by centrifuga- 
tion. The supernatant was pooled with the first ethanol extract 
and a 10-1. solution resulted. The total solution was filtered. 

Preparation of Free Acids—The clear solution was passed first 
through Amberlite IR-120 (5 x 50 cm.) to convert the salts to 
free acids. The free acids were adsorbed on a Duolite A-4 col- 
umn (5 X 50 ¢m.). The column was washed copiously with 
distilled water. The free acids were eluted as their sodium salts 
by extracting the Duolite resin with 1 N NaOH solution. The 
solution of sodium salt, 1 1., was adjusted to pH 7.0 with dilute 
HCl. 

Hydrolysis of Sugar Phosphates—Treatment of the neutral so- 
lution with a dialyzed concentrated solution of Polidase, 7.0 ml., 
for 3 days at 37° under a layer of toluene hydrolyzed the sugar 


* Aided in part by grants (P-106, P-107) from the American 
Cancer Society, Inc., New York, New York; (C-3213) from the 
National Cancer Institute, National Institutes of Health, Be- 
thesda, Maryland; and (717-11) from the Massachusetts Division, 
American Cancer Society, Inc., Boston, Massachusetts. 
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phosphates. Chromatograms of heptose material before and 
after enzymic hydrolysis are shown in Fig. 1. The solution ob- 
tained after ‘Polidase’ hydrolysis was passed through Amber- 
lite IR-120 (5 x 50 cm.) and then through Duolite A-4 (5 x 
50 cm.) to remove all the salts and unhydrolyzed sugar phos- 
phates. The eluate from the Duolite column contained the free 
sugars. This solution was slightly alkaline anc it was necessary 
to pass it through Amberlite IR-120 HCl resin again to ab- 
sorb the alkali. The slightly acidic solution resulting was 
treated with Ag-O to remove HCI. 

Removal of Nitrogenous Impurity—The solution was evapo- 
rated under reduced pressure; dilute HCl was added to convert 
a substance occurring as an impurity in the free sugar solution 
to its hydrochloride. The solution was concentrated to a syrup, 
and the HCl compound was precipitated by adding 30.0 ml. of 
methanol. The solution was centrifuged, the precipitate was 
rejected and the supernatant was reconcentrated. The meth- 
anol precipitation was repeated once more. The supernatant 
from the second methanol precipitation, 15.0 ml., was treated 
with 50.0 ml. of ethanol and a precipitate was obtained. The 
precipitate was treated with 85 per cent ethanol in which the 
remaining impurities dissolved, leaving behind a sticky syrup 
which was treated twice with 95 per cent ethanol to remove 
traces of the impurities. 

Identification of Sedoheptulose—The syrup contained most of 
the sugar, including sedoheptulose. This was identified by paper 
chromatography (Table 1), and an absorption maximum was 
obtained in the orcinol (2) and in the cysteine H»SO, reaction 
(3) (Fig. 2). : 

To convert sedoheptulose to sedoheptulosan, the sugar solu- 
tion was heated with 0.5 m HCI at 100° in H.O bath for 1 hour, 
followed by neutralization with Ag,O to remove HCl. The 
clear solution was centrifuged and evaporated to a small volume 
and seeded with a crystal of sedoheptulosan, kindly supplied by 
Dr. Richtmeyer. It was left to stand in the refrigerator for 3 
days. A crop of the sedoheptulosan crystals was obtained. The 
product was recrystallized from 50 per cent ethanol. The pure 
crystals weighed 12.0 mg. The melting point was 98° and did 
not show any depression on a mixed melting point determination 
with authentic sedoheptulosan. The isolated sedoheptulosan 
was also identified by paper chromatography, as shown in Table 
I, and by spectral absorption studies (Fig. 2). 

Conversion of Sedoheptulosan to Its Tetrabenzoate Derivative 
Isolated sedoheptulosan, 3 mg., was dissolved in 0.2 ml. of an- 
hydrous pyridine. The solution was cooled and 0.2 ml. of dis- 
tilled benzoyl! chloride was added. The mixture was allowed to 
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Fig. 2. Absorption spectra of standard sedoheptulose mono 
phosphate (SMP) and sedoheptulosan monohydrate (SA) com- 
pared with test samples of unknown phosphate (UP) and unknown 
anhydride (UA). The upper curves are products of the orcinol 
reaction and the lower curves are products of cysteine-H2SO, reac- 
tion. 


stand at room temperature for 24 hours. Crushed ice was added 
to the mixture and a thick gum was obtained. The gum was 


dissolved in 38 per cent ethanol and left to evaporate at room 
temperature until tetrabenzoate crystals appeared. 


They were 
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TABLE I 
Paper chromatography of sedoheptulose and sedoheptulosan 
Sedoheptulose samples were run for 16 hours, sedoheptulosan 
for 18 hours, in the following solvents: 1, ethyl acetate-pyridine- 
water (2:1:2); 2, butanol-pyridine-water (6:4:3); and 3, methyl 
Cellosolve-pyridine-glacial acetic acid-water (8:4:1:1). 


Distance in centimeters 


Solvent 
. Isolated Sedoheptulosan Isolated 
Sedoheptulose product monohydrate derivative 
1 17.2 17.4 19.65 19.7 
2 2 = 13.3 13.0 
3 18.3 18.3 20.85 20.7 




















Fic. 3. Hexagonal crystals of the tetrabenzoate of sedoheptu- 
losan isolated from calf liver (right) and of authentic sedoheptulo- 
san tetrabenzoate (left). 


recrystallized by the same procedure. The crystals (hexagonal 
plates, Fig. 3) gave a melting point and mixed melting point 
with authentic sedoheptulosan benzoate (prepared by the same 
procedure with Dr. Richtmeyer’s sample) of 162-164°. 

Action of Aldolase on Sugar Phosphate—Following the condi- 
tions of Beck (4), a digest was prepared containing | ml. of crude 
isolated sedoheptulose phosphate solution (approximately 12 
umoles of sedoheptulose), 1 ml. of 0.1 m tris (hydroxymethyl) 
aminomethane buffer pH 8.6, 0.25 ml. of 0.22 m hydrazine sul- 
fate pH 8.6, and 0.1 ml. of a suspension in 0.52 saturated am- 
monium sulfate pH 7.6 of crystalline (5X) muscle aldolase assay- 
ing 8000 units per mg. per 0.1 ml. (as supplied by Nutritional 
Biochemical Corporation). The mixture was incubated over- 
night under a layer of toluene. A control tube without crystal- 
line aldolase was also run. At the end of the reaction an equal 
volume of 95 per cent ethanol was added and the mixture was 
centrifuged. Of the supernatant, 0.5 ml. was used for the orci- 
nol reaction. The results for both test and control were similar: 
1.143 wmoles (control), 1.260 uwmoles (test). The absence of 
reaction of the sedoheptulose phosphate with aldolase indicates 
that the diphosphate of sedoheptulose was not present. 

This crystalline aldolase was found to be active on fructose 
diphosphate. Horecker has reported that K,, (Michaelis-Men- 
ten constant) for sedoheptulose diphosphate with crystalline 
aldolase is 0.1 10-3 m (5). 


DISCUSSION 


Sedoheptulose 7-phosphate was first recognized as a major 
carbohydrate product of photosynthesis. The identification was 
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made by radioautography of suitable fractions of plants which 
were photosynthesizing in the presence of C™Oz (6). 

One role for this sugar phosphate in mammalian carbohydrate 
metabolism has received widespread acceptance on the basis of 
the transaldolase-transketolase catalyzed transformations of 
pentose and hexose phosphate to sedoheptulose monophosphate 
(7, 8). Recently, this laboratory has observed the extensive 
conversion of nucleosidy] ribose (1) to sedoheptulose phosphate, 
and of glucose 1-phosphate, glucose 6-phosphate and mannose 
6-phosphate (9) to significant amounts of a heptose sugar phos- 
phate by cell-free preparations of rat liver. It is obvious that 
all these findings in vitro, in themselves, suggest biochemical 
pathways but do not necessarily prove a functional role of sedo- 
heptulose monophosphate in the living animal. A fact which 
would support a physiological function for sedoheptulose phos- 
phate would be proof of its existence as a naturally occurring 
metabolite of a tissue. The present results bear directly on this 
question. Thus, the experimental evidence detailed in this pa- 
per leaves no doubt that sedoheptulose 7-phosphate is a normal 
constituent of (calf) liver. In support of this statement are the 
following facts: the purification scheme itself separates out the 
sugar phosphates, the chromatographic data show sedoheptulose 
release by phosphatase from heptose sugar phosphates, the iso- 
lated sedoheptulose is indistinguishable from authentic sedohep- 
tulose on the basis of paper chromatography and color reactions, 
and sedoheptulosan and sedoheptulosan tetrabenzoate prepared 
from the isolated sedoheptulose exhibited the correct physical 
constants (melting point and rate of migration on paper). 
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It seems very unlikely that sedoheptulose monophosphate 
found in liver under the experimental conditions used was due 
to artifactual or bacterial factors operating during the isolation 
procedure. Thus, the liver was refrigerated as soon as possible 
and was processed in amounts which were heat-inactivated 
quickly. Moreover, in the other instances reported for sedo- 
heptulose formation in vitro (5), no suggestion of such extrane- 
ous influences has been proposed. 

The amount of sedoheptulose occurring in liver deserves men- 
tion. Thus, before phosphatase hydrolysis, approximately 100 
mg. of sedoheptulose phosphate was the yield from 7 pounds of 
liver from which the figure of 3.0 mg./100 gm. of liver is derived. 
From another similar isolation experiment this represented 10 
per cent of the sugar phosphates (3 mg. of sedoheptulose mono- 
phosphate from 30 mg. of sugar phosphate (100 gm. of liver)). 


SUMMARY 


Conclusive evidence for the natural occurrence in (calf) liver 
of sedoheptulose monophosphate has been obtained. From 7 
pounds of calf liver, 300 mg. of sedoheptulose monophosphate 
was prepared. This compound was not hydrolyzed by muscle 
aldolase. After hydrolysis by phosphatase, sedoheptulose was 
isolated and its spectral characteristics and rate of migration on 
paper in three solvent systems matched that of authentic sedo- 
heptulose. Moreover, this substance was converted into two 
pure crystalline derivatives, sedoheptulosan and sedoheptulosan 
tetrabenzoate, which had the expected physical constants. 
Sedoheptulose may now be regarded as a normal metabolite of 
liver. 
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The present work is concerned with an analysis of some factors 
which determine the distribution of glucose between isolated 
lymph node cells and extracellular medium. Such information 
is relevant to the increasing interest in the role of permeability 
in the regulation of cell metabolism. 

Studies of permeability of isolated mammalian cells have 
utilized erythrocytes almost exclusively (2). More recently, 
ascites tumor cells have been used for this purpose (3, 4). In 
respect to correlations between distribution and utilization of 
glucose, skeletal muscle has been shown to be a suitable tissue (5). 
For correlating permeability and metabolism, one wishes ideally 
to measure simultaneously the rate of penetration and the rates of 
metabolic conversion of a penetrant. For this purpose, isolated 
cells should offer advantages over more complex tissue prepara- 
tions, such as skeletal muscle. 

In the present study, isolated lymph node cells were used. 
These cells, which are readily obtainable as single cell suspen- 
sions, are active in the formation of antibodies and y-globulins 
and are more representative of mammalian cells, in general, than 
are erythrocytes or ascites tumor cells. Lymph node cells were 
found to be well suited for determination of the rate of glucose 
utilization, since they exhibit high glycolytic activities and con- 
tain, in contrast to muscle, only trace amounts of glycogen. 
Complications arising from glycogenolysis (5) could, therefore, 
be excluded. Unfortunately, however, penetration of glucose 
into lymph node cells was too fast, even at 0°, for determination 
of rate constants for entry. In view of this limitation, intracel- 
lular sugar concentrations were evaluated in the steady state, 
i.e. when intracellular sugar concentrations were constant with 
time. Utilization of glucose or other rapidly metabolized sugars 
was measured concomitantly with distribution. Information 
concerning interrelationships between permeability and utiliza- 
tion was obtained by deliberately altering one or both of these 
processes. 


* A preliminary report was given at the 42nd Annual Meeting 
of the American Society of Biological Chemists in Chicago (1) 
and at the IV. International Congress of Biochemistry, Vienna, 
1958 (la). 

+ This investigation was supported in part by research grants 
(E-1363 and C-3958) from the National Institutes of Health, the 
United States Public Health Service and by a contract (No. 
USDA-49-007-MD-695) with the Research and Development Divi- 
sion, Office of the Surgeon General, Department of the Army, 
recommended by the Commission on Cutaneous Diseases of the 
Armed Forces Epidemiological Board. 


EXPERIMENTAL 

General Procedure—Male guinea pigs of the Hartley strain 
weighing 350 to 500 gm. were used in all experiments. Guinea 
pigs were injected in their footpads with antigenic materials in 
emulsions of the Freund type in order to increase lymph node 
mass and yields of isolated cells! The antigens used were 2,4- 
dinitropheny] bovine y-globulin or 2 ,4-dinitrofluorobenzene. In 
a few experiments, cells from uninjected animals were used 
(Table II). The procedure used for harvesting cells from lymph 
nodes is described elsewhere.! Cell mass per ml. of final cell sus- 
pension was determined by measurement of optical density at 
660 my. Optical density values were converted to dry weight 
of cells per ml. by means of an empirical calibration curve (6). 
Cells were incubated in the Warburg apparatus, usually at 37°, 
in bicarbonate buffered media, such as modified Krebs-Ringer, 
fortified with vitamins as recommended by Eagle (7); details are 
given elsewhere.! Phosphate concentration was 0.001 m and pH 
was adjusted to 7.6 with 5 per cent CO. at 37°. The gas phase 
was 95 per cent O.-5 per cent CO: or 95 per cent argon-5 per 
cent CO. The latter mixture was freed of traces of Oz by pass- 
ing the gas over yellow phosphorus. 

Experiments were terminated by rapidly transferring cells from 
Warburg vessels into precooled calibrated McNaught type cen- 
trifuge tubes.? Cells and suspending medium were rapidly sep- 
arated by centrifugation at 1300 x g for 5 minutes at close to 
0°. Packed cell volumes were read to within +5 ul. and the 
supernatant solution was removed. The tubes were rinsed once 
or twice with sugar-free cold medium to remove traces of sugar 
adherent to glass, and protein-free filtrates of both cells and 
supernatant were prepared. According to the analytical method 
used, protein was precipitated with Cu(OH)--CaO (8), NaOH- 
ZnSO;, Ba(OH):-ZnSO, (9), or with 1.5 n HClO,. In some 
instances cells were digested with 5 n KOH for glycogen analysis 
(10) or precipitated with 0.09 m HgCl, in 0.5 n HCl (5) for hex- 
osemonophosphate analysis. 

Analytical Methods—O, uptake and CO; production were meas- 
ured in bicarbonate buffered media, under 95 per cent O--5 per 
cent COs, with Warburg’s indirect two vessel method (8). As- 
suming an R.Q. of 1, lactic acid formation was calculated. An- 
aerobically, acid formation was determined directly from CO, 


1H. N. Eisen, M. Kern, W. T. Newton, and E. Helmreich, 
J. Exp. Med. (Aug., 1959) in press. 

2 These tubes were obtained from the A. S. Aloe Company, St. 
Louis, Missouri. The manufacturer’s calibrations were found to 
be reliable. 
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release. Corrections for lactic acid and COs: retention were 
made. Lactate was also determined chemically according to 
LePage’s modification of the method of Summerson and Barker 
(8). Glucose was analyzed colorimetrically with glucose oxi- 
dase, peroxidase and o-dianisidine, as suggested by Keston (11). 
This assay was not interfered with by galactose, mannose, 3- 
methylglucose, fructose, p-arabinose, ribose, and xylose. 2- 
Deoxyglucose was, however, oxidized, but at aslow rate. Galac- 
tose, mannose, and 3-methylglucose were assayed colorimetrically 
(12). When samples contained a mixture of two sugars, one of 
them was determined by a method which was not interfered with 
by the second sugar. The latter sugar could then be evaluated 
quantitatively as the difference between total sugar content and 
independently assessed sugar. In all cases, where a sugar was 
determined by difference, it was shown that both sugars were 
additive in the method used for determination of total sugar 
content. When glucose was analyzed by Nelson’s method at 
concentrations less than 5 X 10-* m, the values obtained were 
about 10 per cent greater than with the glucose oxidase method. 
This difference was ascribable to tissue blanks. Fructose was 
determined colorimetrically with skatole in 9 nN HCl (13). Hex- 
osemonophosphate was determined by means of the glucose-6-P 
dehydrogenase assay. This fraction contains mainly glucose-6-P 
and fructose-6-P (5). Free 2-deoxyglucose and 2-deoxyglucose- 
6-P were assayed with 3,5-diaminobenzoic acid in 2 m H;PO, 
(14); analysis of Ba(OH)--ZnSO, filtrates yielded free 2-deoxy- 
glucose, and analysis of HCIO, filtrates gave the sum of free and 
phosphorylated 2-deoxyglucose.* Pentoses were analyzed with 
p-bromoaniline (15), and glycogen was isolated according to 
Good et al. (10). Glucose arising from glycogen after hydrolysis 
in 1 N HCl] was analyzed with glucose oxidase. In experiments 
with C™ uniformly labeled glucose, the C“O, formed was liber- 
ated from the incubation medium by addition of 2.5 n H.SO, 
and trapped in 2N NaOH. Aliquots were dried on polyethylene 
planchets and counted in a windowless gas flow counter. Self- 
absorption corrections were unnecessary since all samples were 
selected so as to be at the same weight (approximately 3 mg.). 
The results were expressed as mumoles of glucose oxidized to 
CO. per mg. of dry weight cells per hour. In one series of ex- 
periments, the incorporation of uniformly labeled C™-.-valine 
into proteins of lymph node cells was measured (6). The re- 
sults were expressed as counts per minute per mg. of protein per 
minute. 

Calculations—The distribution of sugars between cells and 
extracellular medium is expressed in terms of a virtual volume 
(sugar space), as per cent of the packed cell volume, in which a 
given sugar is at the same concentration as in the outside medium. 
All calculations of intracellular solute concentrations require a 
correction for extracellular medium trapped in the packed cell 
pellets. The extracellular space in lymph node cell pellets was 
found by several independent means to be between 40 and 50 


3 At 420 my the molar extinction coefficient of 2-deoxyglucose in 
HClO, was lower than that of 2-deoxyglucose in neutral Ba(OH) >.- 
ZnSO, filtrates or HO. Therefore, 2-deoxyglucose present in 
HClO,-precipitated tissue samples, was read against standards 
prepared in HC1O, of equal concentration. Tissue samples de- 
proteinized with 1.5 n HClO, contribute a blank which can be 
minimized by the use of high concentrations of 2-deoxyglucose, 
which allow suitable dilutions. If this was not possible, tissue 
blanks were determined and deducted. Ba(OH)2-ZnSO, filtrates 
gave no blanks. 
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per cent of the total pellet volume.' In cell pellets from anti- 
genically stimulated guinea pigs, the inulin space was 49 per 
cent. Since cells of this type were used almost exclusively in 
the present work, 49 per cent was chosen for the extracellular 
space. Sugar spaces correspond, therefore, to 100 [a — (0.49nc)]/ 
c(1 — 0.49)», where a is the total sugar content of a packed cell 
pellet of volume », and c is the sugar concentration in extra- 
cellular medium. Generally, packed cell volumes ranged be- 
tween 200 and 300 ul. Experiments in which cell volumes were 
below 150 ul. were discarded. If sugar concentrations in outside 
medium and in totai cell water were equal, the sugar space would 
be 78 per cent, assuming that this value corresponds to total 
cell water content. In the present study, sugar spaces never 
exceeded this value. 

It should be pointed out that due to the large extracellular 
volume of packed lymph node cells only about one-third of the 
sugar content of the whole cell pellet is actually intracellular 
under most experimental conditions. Moreover, measurements 
of extracellular volume are subject to some uncertainty. In 
spite of this difficulty, it was possible to determine sugar spaces 
under a variety of conditions with an error not exceeding +10 
per cent. 

Materials—All sugars were products of Pfanstiehl Chemical 
Company, except for 2-deoxyglucose and glucose which were from 
Aldrich Chemical Company and the Fisher Scientific Company, 
respectively. Recrystallized 3-methylglucose and galactose were 
kindly provided by Dr. R. K. Crane. 3,5-Diaminobenzoic acid 
was prepared from 3,5-dinitrobenzoic acid by reduction with 
TiCls, or was obtained from Aldrich Chemical Company. Glu- 
cose oxidase, peroxidase and o-dianisidine were obtained from 
the Worthington Biochemical Corporation. Glucose-6-P de- 
hydrogenase (16) was generously furnished by Dr. L. Glaser.‘ 
Hexokinase (grade V), glucose-6-P, TPN, ATP, ethylenediamine- 
tetraacetate and tris(hydroxymethyl)aminomethane were prod- 
ucts of Sigma Chemical Company. 2-Deoxyglucose-6-P was 
donated by Dr. D. M. Kipnis,‘ phlorizin was obtained from the 
California Corporation for Biochemical Research, and polyviny]- 
pyrrolidone (Plasdone C) from Antara Chemicals, Division of 
General Aniline and Film Corporation. Epinephrine and insulin 
were obtained from Parke, Davis and Company and Eli Lilly 
and Company, respectively. 

RESULTS 

Metabolism of Lymph Node Cells—As shown in Table I, glucose 
taken up from the medium was predominantly converted to 
lactate. Only trace amounts of glycogen could be detected and, 
as expected, lactate production without added glucose was negli- 
gible. The rate of O2 consumption and the rates of glucose up- 
take and lactate formation, both aerobically and anaerobically, 
were constant for at least 60 minutes. Anaerobic rates were 4 
times higher than aerobic rates (Pasteur effect). Furthermore, 
the rate of respiration was rather high and remained unchanged 
after the addition of glucose during the 1st hour of incubation. 

Effects of Inhibitors—The effects of inhibitors were determined 
in cells from sensitized and from nonsensitized animals (Table I]). 
The glucose space and the rate of glucose utilization remained 
constant over a range of extracellular glucose concentrations from 
2.5 X 10*mto2 xX 10*m. Glucose utilization was the same 


‘ Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri. 
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TaBLeE I 
Glucose metabolism in lymph node cells 

Temperature, 37°; glucose concentration, 5.5 X 10-3 M; gas 
phase: aerobic, 95 per cent O2-5 per cent CO:2; anaerobic, 95 per 
cent argon-5 per cent COs. Q values (ul. per mg. of dry weight 
cells per hour) are given as mean values + standard error of the 
mean. The standard errors are representative for metabolic 
data given in this paper. Meyerhof quotient: Qiactate (argon) — 
Qiactate (02)/Qo, is 0.6. Lymph node cells contained 1.8 mumoles of 
glycogen (as glucose) per mg. of dry weight cells. 
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in both types of cells but glucose space was considerably lower 
in cells from nonsensitized animals. We have discussed these 
differences elsewhere (6). In both types of cells, iodoacetate 
inhibited glycolysis and raised intracellular glucose. Anaerobio- 
sis did not alter glucose space, despite enhanced glycolysis. 

Although phlorizin inhibited glucose utilization by 80 per cent, 
it did not change glucose distribution. Insulin did not modify 
glucose distribution or utilization. Glucose distribution was 
also not affected by epinephrine. 

In order to improve conditions in vitro for survival of lymph 
node cells, polyvinylpyrrolidone was added to medium (17). 
However, when medium containing 3.5 per cent polyvinylpyr- 
rolidone was used, glucose utilization in lymph node cells was 
markedly inhibited and glucose space approached its maximal 
value (78 per cent). When extensively dialyzed polyvinylpyr- 
rolidone was used, intracellular glucose level was unaffected, and 
the rate of lactate production was normal. Commercially 
available polyvinylpyrrolidone contains, therefore, dialyzable 
impurities which markedly inhibit glycolysis. 

Aside from the data given in Table II, all other experiments 
were performed with cells from sensitized animals. (Tables I, 
III to VI; Figs. 1 and 2). 

Effects of Temperature—Even when the temperature of incu- 
bation was reduced to 0°, distribution equilibrium for glucose 
was reached within the time usually required for mixing cells 
and separating them from extracellular medium (approximately 
7 minutes). This rapid attainment of equilibrium was unaltered 
by anaerobiosis or by the addition of 20 per cent homologous 
serum, 3.5 per cent dialyzed polyvinylpyrrolidone, or insulin 
(1 unit per ml.). As shown in Table III, at low temperature 
lactate formation from glucose was reduced and there was an 
increase in glucose space. These observations indicate that 
utilization is more temperature-dependent than glucose entry. 

Competition between Glucose and Other Sugars for Transport 
and Phosphorylation—Distribution equilibrium reflects the bal- 
ance between sugar entry and utilization. If glucose and another 
sugar are present and compete with each other for entry, the 
intracellular concentration of each sugar should be reduced. 
Conversely, if the two sugars compete for the hexokinase reaction, 
the intracellular levels of each of these hexokinase substrates 
should rise. If competition for both entry and phosphorylation 
are equal in extent, or nearly so, sugar distribution should be 
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unaltered. Accordingly, it is obviously difficult to evaluate 
effects of competition between two utilizable sugars purely in 
terms of their respective intracellular distribution volumes. 
Measurements of glucose distribution were, therefore, supple- 


TaBLeE II 
Effects of inhibitors on distribution and utilization of glucose 
Temperature, 37°; glucose concentrations, 5.5 X 107% m to 
1 X 107? M;* time of incubation, 15 to 120 minutes; gas phase: 
aerobic, 95 per cent O2-5 per cent COs; anaerobic, 95 per cent 
argon-5 per cent CO2. Values are given as means with number of 
observations in parentheses. @Q values are ul. per mg. of dry 
weight cells per hour. For calculation of glucose space, see text. 
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Phlorizin....... | 44 (2) | 0.4/36 (1)! 2.0 
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rolidone?. . . . .| | 74 (5) | 0.9\77 (5)| 2.7 
Polyvinylpyrrol- | 
idone —dia- zx | | | 
eee | | | | 38 (5) 2.3) | 








* In the absence of inhibitors, glucose concentrations covered a 
wider range: 2.5 X 10-3 m to 2 X 10°? M. 

> All inhibitors at 0.001 m except for epinephrine (0.005 a), 
phlorizin (0.005 m), and insulin (1 unit per ml.). 

¢ Cells from uninjected guinea pigs (nonsensitized) and from 
guinea pigs injected with sensitizers (sensitized) in Freund’s ad- 
juvant (see text). 

4 Cells were suspended in medium, which contained 35 mg. of 
polyvinylpyrrolidone per ml. 

¢ Dialyzed for at least 3 days against distilled water at room 
temperature. 


TaBLeE III 
Effect of temperature on distribution and utilization 
of glucose 
Glucose concentration, 5.5 X 10°-* M; gas phase: 95 per cent 
O2-5 per cent CO; when incubation periods were less than 5 
minutes, gas phase was air. Q values are ul. per mg. of dry 
weight cells per hour. For calculation of glucose space, see text. 
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TABLE IV 
Competition between glucose and other sugars for transport and phosphorylation 
Temperature, 37°; glucose concentration, 9 X 10-* M; time of incubation, 10 minutes; gas phase: 95 per cent O2-5 per cent COs, for 


sugar distribution studies and 100 per cent O2 for measurements of glucose utilization. 


otherwise stated. For calculation of sugar spaces, see text. 


Sugar pairs were added simultaneously unless 











| 





l 
| Glucose space | sclicsdhaasadil |Glucose oxidation®| _, Inhibition of 
seemed ae stecot Competitor yi ty | In presence of | | In absence of “iapeles” Min presence of 
glucose | glucose ompetiter 

a - |—— meen sar alee satiate cues ine vs n 
Glucose 26 | 46 8.6 0 
Mannose.... 3 1:1 52 58 51 3.4 61 
Mannose...... 1 1:5 | 53 | | 1.7 80 
2-Deoxyglucose. . 5 1:3 | 44 47 | 56 | 5.0 42 
Fructose. 3 1:1 | 25 34 | 56 | 5.2 40 
Fructose. 1 1:5 | } 4.5 48 

3- Methyigiucose.. 2 1:5 5.3 38 
3-Methylglucose. ... 2 1:4 38 } 62 | ss | 59 32 
3-Methylglucose..... 3° 1:4 40 52 79 | 

Galactose.......... 1 i | | 7.8 9 
Galactose.......... 3 1:4 45 54 60 27 10 
Arabinose 4 ee ee ee ee ee x 7 
pO eee 6 1:4 51 67 67 | 2.4 (2.5)¢ 5 
ee reer 2 1:1 | 54 | 55 | 56 

Ribose. 1 1:6 | | 7.5 13 
ee 2 ee | | 44 | | 0.9 90 

















« Expressed as mumoles of U-C'4- glucose oxidized to C'4O. per mg. of dry weight cells per hour. 


CuO, ovelutian from U-C'*-glucose 


was measured because measurements of lactate production were not feasible in most cases, since some of the competitive sugars were 


themselves converted to lactate, and some interfered with the chemical assay for lactate. 


At most, 15 per cent of the U-C'*-glucose 


added was oxidized to CO: (up to 2 hours’ incubation in 100 per cent O2). 


» 3-Methylglucose was equilibrated initially for 10 minutes with cells. 


5 minutes. 


¢ Lactate production was measured in 100 per cent O2, and expressed as Qiactate (ul. per mg. of dry weight per hour). 


Glucose was then added and incubation was continued for 


For compari- 


son, the value for lactate formation in the absence of the competitor is given in parentheses. 


mented by concomitant measurements of glucose oxidation. 
The results are presented in Table IV. 

Mannose effectively competes with glucose in the hexokinase 
reaction (18) and, as expected, it inhibits glucose oxidation. 
Glucose space, however, was only slightly higher in the presence 
of this competitor and, conversely, mannose space was also only 
slightly higher in the presence of glucose. It is accordingly 
inferred that mannose competes mutually with glucose for entry 
as well as for phosphorylation. 

Competition between glucose and 2-deoxyglucose is indicated 
by the fact that the amount of 2-deoxyglucose-6-P formed is 
reduced in the presence of glucose (Fig. 2). The competition is 
mutual since glucose oxidation also decreases in the presence of 
2-deoxyglucose (Table IV). 2-Deoxyglucose may compete with 
glucose in the hexokinase reaction (18). Furthermore, 2-deoxy- 
glucose is converted to 2-deoxyglucose-6-P in these cells. This 
sugar phosphate is known to inhibit phosphohexose isomerase 
(19). If 2-deoxyglucose were to exert its inhibitory action on 
glucose utilization either by way of inhibition of the isomerase 
reaction or by competition for hexokinase or by a combination of 
both, intracellular glucose level should rise. Glucose space re- 
mained, however, unchanged and the 2-deoxyglucose space was 
lower when both sugars were present. It is inferred, therefore, 
that 2-deoxyglucose competes with glucose for entry, besides 
being an inhibitor of glycolysis. 


Fructose,° of which the Michaelis constant for hexokinase (18) 
is 200 times greater than that of glucose, and 3-methylglucose, 
of which K,, is undetectable (18), should not compete with glu- 
cose for phosphorylation. However, both fructose and 3-methyl- 
glucose inhibited glucose oxidation to some extent and reduced 
internal glucose concentration. These results suggest that both 
sugars compete with glucose for entry. That the competition 
is mutual is seen from the correspondingly reduced internal 
concentrations of the competitors (fructose, 34 per cent; 3- 
methylglucose, 61 per cent). The Michaelis constant of man- 
nose for hexokinase (18) is almost the same as that of glucose. 
As expected, therefore, distribution values for the mannose- 
fructose pair resembled those of the glucose-fructose pair: man- 
nose space was 32 per cent and fructose space was 39 per cent 
when both sugars were added simultaneously. Additional evi- 
dence for an effect of fructose on glucose distribution was ob- 
tained in experiments in which cells were preincubated with 
9 X 10-* m glucose for 15 minutes, and equimolar amounts of 
fructose were then added. The glucose space fell to 30 per cent 
5 to 10 minutes after the addition of fructose. 

In another series of experiments, 3-methylglucose was also 
shown to be displaced from cells by glucose. For demonstrating 


5 The concentrations required for saturation are higher for 
fructose than for glucose. The maximal rate of lactate formation 


was obtained at a glucose concentration of 2.5 X 107? m and a 
fructose concentration of 9 X 107? m. 
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TABLE V 
Distribution and utilization of sugars in the presence of 2-deoryglucose-6-P 

Cells were preincubated with 3 X 10-2 m 2-deoxyglucose for 30 minutes in 100 per cent O2 at 37°. Control cells were preincubated 
under identical conditions but without 2-deoxyglucose. The cells were then gently spun at 300 r.p.m. for 5 minutes in the cold, washed 
twice to remove essentially all free 2-deoxyglucose, and resuspended with various sugars at concentrations of 9 X 10-3 m. Cells were re- 
incubated with glucose, or mannose, or fructose for 30 to 60 minutes at 37° and with p-xylose and 3-methylglucose for only 10 min- 
utes in 95 per cent O2-5 per cent CO, except as stated in footnote d. Values are averages of 3 or more experiments, except for the 
experiments with p-xylose and 3-methylglucose, which were done in duplicate. Q values are wl. per mg. of dry weight cells per hour. 
For calculation of sugar spaces see text. 




















2-Deoxyglucose-6-P Hexosemonophosphate | 
Sugars Gas phase Sugar space | lactate | pmep Pk ne 
Intracellular? | Extracellular Intracellular® | Extracellular | | 
pumoles/ml. pmoles/ml. % 
ee EE Ore e Tere Aerobic | 0.4 +0.1 46 2.4 | 0 
RESP RGe eres Aerobic 19 | 0.38 42 | 1.2 | —50 
ES ae Aerobic 1% 10° 47 2.3 —4 
I ie subs Senivnndiat Aerobic 10° 500 |)60 2.8 | +17 
ee errr Anaerobic | 0.4 +0.1 474 | 10.4 | 0 
er Anaerobic 19 | 0.64 | 7 4.9 | —53 
Mannose................. Aerobic 51 | 1.9 | 0 
Mannose................. Aerobic 20 | 54 | 1.3 | —32 
Fructoge.................. Aerobic 56 1.3 0 
I ie > s'est es Aerobic 19 41 | 0.4 | 69 
eres c | 67 | 
 ecuakiasies cue cea Aerobic 21 | 69 | 
3-Methylglucose.......... Aerobic | 79 
3-Methylglucose.......... Aerobic 21 | | 74 














Concentrations in total intracellular water which is assumed to be 78 per cent of cell volume. 

> When 2-deoxyglucose-6-P was added to the extracellular medium, a small amount of 2-deoxyglucose-6-P was retained in the packed 
cell pellet in excess of the 2-deoxyglucose-6-P present in the extracellular volume. It is likely that this small amount of 2-deoxyglu- 
cose-6-P was bound to cell surfaces. The amount of 2-deoxyglucose was negligible, even after prolonged incubation (up to 90 min- 
utes). 

¢ Glucose-6-P added to the extracellular medium. 

4 After 10 minutes’ incubation with glucose, anaerobically in 95 per cent argon-5 per cent CO. Short term reincubation was man- 
datory in order to prevent complications arising from a decline in phosphorylating capacity in cells, which were maintained anaerobi- 
cally and in which glycolysis was inhibited by 2-deoxyglucose-6-P. Although phosphorylating capacity does become limiting in cells 
after prolonged anaerobic incubation as shown in Curve III in Fig. 2, this does not apply to the short term experiments under discus- 





sion since in these experiments the rate of glucose utilization was still about one-half the uninhibited rate (see text). 


this displacement, glucose was added after 3-methylglucose had 
equilibrated between cells and medium; 5 minutes after addi- 
tion of glucose the intracellular concentration of 3-methylglucose 
had fallen (Table IV). The displacement of 3-methylglucose is 
also evident from the following calculation: the sum of the indi- 
vidual spaces occupied by the sugar pair, glucose - 3-methylglu- 
cose, is less than the sum expected if both sugar spaces were 
independently additive (92 per cent versus 125 per cent) (see 
Table IV). 

More direct experimental evidence is required but so far our 
data are compatible with the view that in lymph node cells the 
three epimer sugars, glucose, fructose, and mannose, as well as 
2-deoxyglucose and probably 3-methylglucose compete mutually 
for a common transport system. 

Phlorizin inhibited glucose oxidation 90 per cent, but did not 
change glucose distribution. Such drastic inhibition of utiliza- 
tion should cause intracellular glucose levels to rise, unless entry 
was blocked to a comparably great extent. 

The three utilizable hexoses and 2-deoxyglucose all attain 
similar distribution volumes in lymph node cells: glucose 46 
per cent, mannose 51 per cent, fructose 56 per cent and 2-deoxy- 
glucose 56 per cent. Rates of utilization of these sugars fol- 
lowed the same order: glucose > mannose > fructose. 3- 


Methylglucose® and xylose, on the other hand, are metabolized 
little, if at all (18, 20), and occupy spaces which approximate 
total intracellular water (78 per cent). It is notable that glucose 
space also approached total intracellular water when glucose 
utilization was drastically blocked (Tables II and III). How- 
ever, 2-deoxyglucose is an exception; it is distributed in only 56 
per cent of the cell volume, despite the fact that it is not metabo- 
lized beyond its phosphorylation (19, 21). Reasons for the 
failure of 2-deoxyglucose to accumulate in lymph node cells will 
be given later. 

Galactose, D-arabinose, and ribose occupy somewhat smaller 
spaces (56 to 60 per cent) despite the fact that they too are not 
utilized to an appreciable extent (20). The distribution of p- 
arabinose was unaltered in the presence of 0.001 m iodoacetate or 
phlorizin. The smaller volumes of distribution available to the 
latter sugars are apparently not ascribable to slow entry, since 
the p-arabinose space was found to remain unchanged with 
prolonged incubation (54 per cent after 60 minutes). Glucose 
distribution and glucose utilization were virtually unaltered by 
galactose, D-arabinose, and xylose and were only slightly in- 

6 Phlorizin lowered the intracellular distribution of 3-methyl- 


glucose. For example, after 5 minutes’ incubation with 3 xX 107° 
M phlorizin, the 3-methylglucose space fell to 56 per cent. 
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creased by ribose. Except for a slight decrease in galactose 
space, the distribution of the latter sugars was not altered by 
glucose. Galactose and xylose were not displaced by glucose 
from lymph node cells. 

Inhibition of Sugar Distribution and Utilization by 2-Deozxy- 
glucose-6-P—Kipnis and Cori (21) have recently shown that in 
the rat diaphragm internal 2-deoxyglucose-6-P is a noncompeti- 
tive inhibitor for 2-deoxyglucose and glucose transport. 2-De- 
oxyglucose-6-P has, therefore, been used in the present study to 
extend the observations made with other inhibitors and com- 
petitive sugars. 

In studying the effect of 2-deoxyglucose-6-P on sugar trans- 
port and utilization, it was desirable to eliminate from the sys- 
tem competitive free 2-deoxyglucose. This was accomplished by 
preincubating cells with 2-deoxyglucose. Incubation in O, for 30 
minutes was found sufficient for 2-deoxyglucose-6-P to approach 
its maximal concentration. Cells were then washed free of 2- 
deoxyglucose and reincubated with various sugars. Procedural 
details are given in the legend of Table V. Glucose, fructose, 
and mannose did not accumulate in cells which were loaded with 
2-dleoxyglucose-6-P, despite the fact that the conversion of these 
sugars to lactate was markedly reduced (Table V). Moreover, 
after the addition of glucose, hexosemonophosphate levels were 
not elevated in these cells. An increase should have been ex- 
pected, since 2-deoxyglucose-6-P inhibits the Embden-Meyerhof 
pathway beyond the hexokinase step (19,21). Furthermore, 
hexosemonophosphates cannot be drained off by alternative path- 
ways (hexosemonophosphate shunt), since these are not present 
to a significant extent in lymph node cells (23). These observa- 
tions are compatible with the view that 2-deoxyglucose-6-P 
interferes with entry of hexokinase substrates. Effects of 2- 
deoxyglucose-6-P on entry of sugars which are utilized poorly or 
not at all were studied with p-xyloseand 3-methylglucose. These 
sugars seemed to be especially suited for this purpose, since their 
distribution in lymph node cells approaches total cell water 
volume. However, neither p-xylose nor 3-methylglucose at- 
tained lower distribution volumes in the 2-deoxyglucose-6-P- 
containing cells after short term aerobic incubation. To test 
further the specificity of the 2-deoxyglucose-6-P inhibition, the 
incorporation of U-C'*-L-valine (4800 ¢c.p.m. per mumole) into 
protein was measured. Under the aerobic conditions specified 
for glucose in the legend of Table V, valine incorporation was in- 
hibited only 16 per cent in cells which contained 2-deoxyglucose- 
6-P (59 and 49 ¢.p.m. per mg. of protein per minute, respectively, 
in cells, without and with 22 uwmoles of 2-deoxyglucose-6-P per 
ml. of intracellular water). 

Fig. 1 shows that the inhibition of glucose utilization by 2- 
deoxyglucose-6-P is noncompetitive. From the Lineweaver- 
Burk plot, one calculates a A,, value of about 2.5 x 10-3 m 
for the conversion of glucose to lactate by lymph node cells. 
The K; for 2-deoxyglucose-6-P was about 9 x 10-* m for the 
conversion of glucose to lactate by lymph node cells containing 
18 umoles of 2-deoxyglucose-6-P per ml. of intracellular water. 

That intracellular 2-deoxyglucose-6-P inhibits also the entry 
of 2-deoxyglucose is suggested by the data given in Fig. 2. After 
initial rapid formation of 2-deoxyglucose-6-P, further phosphoryl- 
ation of 2-deoxyglucose proceeds only slowly. 2-Deoxyglucose- 
6-P is known to inhibit competitively phosphohexoseisomerase 
(19) and phosphoglucomutase (21) but not hexokinase (21, 22). 
Hence, the failure of this sugar phosphate to accumulate pro- 
gressively with time must mean, as shown by Kipnis and Cori 
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(21) on the rat diaphragm, that uptake of free 2-deoxyglucose by 
these cells has stopped, providing that phosphorylating capacity 
is not impaired. 

In principle, ATP depletion through inhibition of glycolysis 
is unlikely under aerobic conditions. Lymph node cells exhibit 
high endogenous respiration in the absence of added substrates 
(Qo,, 13 + 1, see (6)), and no reduction of oxygen consumption 
was observed in the presence of intracellular 2-deoxyglucose-6-P, 
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Fic. 1. Noncompetitive inhibition of glucose uptake and con- 
version to lactate by intracellular 2-deoxyglucose-6-P (2-DG-6-P) 
in lymph node cells. The Lineweaver-Burk plot is based on meas- 
urements of aerobic lactate formation from glucose at extracellular 
concentrations ranging from 1.0 X 10"? m to 2.0 X 10°? m. Time 
of incubation, 45 minutes; temperature, 37°; gas phase, 95 per cent 
O2-5 per cent CO:. In order to charge the cells with 2-deoxy- 
glucose-6-P, they were first pretreated according to the procedure 
outlined in the legend to Table V. The intracellular 2-deoxyglu- 
cose-§-P concentration was 18 umoles per ml. assuming the sugar 
phosphate was distributed uniformly in total intracellular water 
(78 per cent of cell volume). No 2-deoxyglucose was present. 
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Fic. 2. Time course of 2-deoxyglucose-6-P (2-DG-6-P) forma- 
tion in lymph node cells. Temperature, 37°; gas phases: aerobic, 
95 per cent O2-5 per cent CO; anaerobic, 95 per cent argon-5 per 
cent CO:. J, aerobic: 2-deoxyglucose (9 X 10-* m) added to cells, 
no glucose present. JJ, aerobic: glucose and 2-deoxyglucose added 
to cells in equimolar concentrations (9 X 10-*m). JJII, anaerobic: 
glucose and 2-deoxyglucose added to cells in equimolar concentra- 
tions (9 X 10-3 m). 
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with or without added glucose. If phosphorylating capacity of 
cells which had accumulated 2-deoxyglucose-6-P was significantly 
impaired, a rise in intracellular concentration of the sugars tested 
in Table V should have been observed; also hexosemonophos- 
phate derived from glucose should have fallen significantly. 
However, the intracellular free sugar levels did not exceed values 
observed in the absence of 2-deoxyglucose-6-P, and hexosemono- 
phosphate values were not significantly reduced. These obser- 
vations strongly suggest that phosphorylating capacity does not 
limit sugar utilization or 2-deoxyglucose phosphorylation in 
aerobically maintained cells which had been previously loaded 
with 2-deoxyglucose-6-P. 

In the absence of oxygen, however, it seems that 2-deoxy- 
glucose-6-P does not interfere with glucose transport to the same 
extent as aerobically. As shown in Table V, glucose utilization 
was inhibited in 2-deoxyglucose-6-P-containing cells to about the 
same extent aerobically and anaerobically (53 per cent). How- 
ever, the glucose space and the hexosemonophosphate concen- 
tration were both increased in cells after short term anaerobic 
_ incubation in the presence of 2-deoxyglucose-6-P. 

In these cells, intracellular glucose space approached total cell 
water volume (78 per cent). The 2-deoxyglucose space also 
approaches total cell water volume in anaerobically maintained 
cells (1, la). The apparent insensitivity of glucose transport to 
2-deoxyglucose-6-P inhibition under anaerobiosis may be related 
to the fact that the rate of glucose entry is substantially increased 
in anaerobiosis (see ‘“‘Discussion’”’). It is noteworthy that a 
similar phenomenon was observed by Kipnis and Cori (21) in 
the rat diaphragm under aerobic conditions when insulin was 
added. 

Glucose-6-P is a noncompetitive inhibitor of mammalian hexo- 
kinase (22), and recent studies have shown that a rise in intra- 
cellular level of this sugar phosphate in skeletal muscle results in 
accumulation of intracellular glucose (5). It was, therefore, of 
interest to determine if glucose-6-P and 2-deoxyglucose-6-P might 
exert their effects on sugar utilization and distribution when 
added to extracellular medium. In contrast to phlorizin, neither 
2-deoxyglucose-6-P nor glucose-6-P inhibited glucose utilization 
when added to extracellular medium. It is likely that the reac- 
tions inhibited by these sugar phosphates are localized within 
cells, and that sugar phosphates do not enter cells. 


DISCUSSION 


Results obtained with isolated lymph node cells and Ehrlich 
ascites tumor cells (3) seem to justify the statement that in these 
isolated cells sugar transport across the cell membrane is not 
rate-limiting for glycolysis and that, therefore, sugar entry is 
not a site of regulatory control of cellular carbohydrate metabo- 
lism? Thus, in lymph node cells, free glucose was found inside 
the cells, under all conditions examined. This is in striking 
contrast to muscle, where intracellular glucose is not detectable 
unless glucose utilization is blocked (5). However, certain 
findings suggest that in lymph node cells internal structures may 
limit access of sugars to certain intracellular sites. For instance, 
glucose distributes itself rapidly in 46 per cent of the intracellular 
water volume of these cells, but does not occupy the remaining 
intracellular water, unless glucose utilization is blocked. If the 


7 This statement does not apply to Gardner lymphosarcoma 
ascites tumor cells. According to Nirenberg and Hogg (4) trans- 
port is a rate-limiting step for glycolysis in this type of ascites 
tumor cell. 
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enzymes necessary for the metabolic conversion of sugars were 
localized in the latter volume, the internal structures separating 
this space from the remainder of the cell would constitute a true 
permeability barrier similar to those osmotic barriers which are 
usually identified with the cell membrane. Such a point of 
view is compatible with the following argument. 

According to Crane et al. (cited in reference 24), the Michaelis 
constant for glucose is of the same order (close to 1 x 107 m) 
when determined with intact Ehrlich ascites tumor cells or with 
hexokinase extracted from these cells. On the other hand, the 
K,, value for the conversion of glucose to lactate by isolated 
lymph node cells was only 2.5 X 10-*m. If one assumes that the 
Michaelis constant of glucose for hexokinase extracted from 
lymphoid tissue resembles that of many other mammalian cells 
and tissues, the high K,, value for glucose utilization in intact 
lymph node cells may indicate a permeability barrier in these 
cells. 

In the steady state, the distribution of glucose and other 
utilizable sugars between cells and medium represents a balance 
between rates of entry, exit, and utilization. On the assumption 
that the rate of exit (leakage) was constant under all conditions 
examined, the results obtained may be summarized as follows 
(see Table VI). 

In the absence of inhibitors, the 4-fold increase in the rate 
of glucose utilization seen under anaerobiosis was associated with 
an unaltered glucose space. Under anaerobiosis, the rate of glu- 
cose entry must, therefore, have been substantially increased. 
When glucose distribution remained unchanged and the rate of 
utilization decreased, it may be inferred that a decrease in the 
rate of entry must also have occurred. This situation is exempli- 
fied by Conditions 3 to 6 in Table VI. When glucose space 
decreased, it is inferred that reduced rates of entry are responsible 
for the decrease in the rates of utilization (see Condition 7, 
Table VI). When, however, glucose utilization decreased, and 
glucose space rose concomitantly, it is not possible to state 


TaBLeE VI 


Summary of inhibitor effects on glucose distribution 
and utilization 


Experimental conditions and inhibitor concentrations are given 
in detail in Tables Ito V. Changes are expressed as 0 (no change), 
+ (increase) and — (decrease) in reference to control values with- 
out inhibitors. Aerobic conditions were taken as base-line for 
all conditions except for Condition 9 where anaerobic conditions 
serve as base-line for comparison. Changes in rates of entry are 
inferred from utilization and distribution data (see text). 
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whether or not the rate of entry has also been changed (Condi- 
tions 9 to 11, Table VI). 

In general, therefore, glucose transport into lymph node cells 
is characterized by the fact that glucose attains very rapidly an 
apparent distribution equilibrium between extracellular medium 
and more than half of the total intracellular water. The dis- 
tribution of glucose can, however, be altered in the steady state 
by competitors and inhibitors. There are, therefore, certain 
features of sugar transport into lymph node cells which are not 
compatible with a simple diffusion process. The apparent 
specificity of sugar transport in lymph node cells may be in- 
herent in the structure of permeability barriers in these cells, or 
may reflect some type of catalyzed translocation mechanism. 
A choice between these and other mechanisms is not feasible at 
present. 

Of the conditions which interfered with glucose entry, the 
inhibition observed in the presence of 2-deoxyglucose-6-P seems 
particularly interesting for two reasons: (a) 2-deoxyglucose-6-P 
might be representative of naturally occurring sugar phosphates, 
which could control sugar entry under physiological conditions, 
and (b) the inhibitor action of 2-deoxyglucose-6-P is apparently 
specific for hexokinase substrates (21). The inference that sugar 
entry was blocked in cells charged with 2-deoxyglucose-6-P is 
based on the finding that in such cells sugars and the correspond- 
ing sugar phosphates did not accumulate progressively with time. 
Phlorizin, which is known to inhibit sugar transport noncompeti- 
tively in the ascites tumor cell (3), also prevented accumulation 
of glucose in lymph node cells while causing a pronounced in- 
hibition of glucose utilization. It should be noted that the 
inhibition of glucose utilization observed in whole cells containing 
2-deoxyglucose-6-P is also of the noncompetitive type (Fig. 1), 
whereas the inhibition of glycolytic enzymes by 2-deoxyglucose- 
6-P is competitive (19, 21). 
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SUMMARY 


The distribution of glucose and other sugars was determined in 
isolated lymph node cells in the steady state. By measurement 
of sugar distribution and utilization, inferences could be drawn 
in regard to the rates of entry. The principal results obtained 
were as follows: glucose distributes itself very rapidly in 46 per 
cent of the intracellular water volume of these cells, but does not 
occupy the remaining intracellular water (up to 78 per cent) 
except when its utilization is blocked. Since glucose was found 
inside the cells under all conditions examined, glucose transport 
across the cell membrane does not seem to limit its utilization 
by lymph node cells. It is possible, however, that access of 
sugars to some intracellular sites can become limiting for sugar 
utilization. From mutual inhibition, it was concluded that p- 
mannose, fructose, 2-deoxy-p-glucose, and probably 3-O-methyl- 
glucose share a common transport system with glucose. 2-Deoxy- 
p-glucose-6-phosphate, when it had accumulated inside the cells, 
inhibited noncompetitively the entry of p-glucose, p-mannose, 
p-fructose and 2-deoxy-p-glucose. Phlorizin also inhibited glu- 
cose entry. But, in contrast to phlorizin, 2-deoxy-p-glucose-6- 
phosphate did not exert its inhibitory action when added to the 
extracellular medium. Anaerobiosis increased the rates of glu- 
cose entry and glucose utilization. It is inferred that anaerobio- 
sis increased both rates to the same extent, since glucose distri- 
bution remained the same as under aerobic conditions. 
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Earlier reports from a number of laboratories (1-3) have shown 
that Aspergillus niger produces several enzymes with ability to 
hydrolyze the a-p-(1 — 4) glucosidic linkages in starch and malto- 
oligosaccharides. Important members of this group include 
a-amylase, amyloglucosidase and maltase. Within recent years 
there has been considerable interest in the amyloglucosidase 
group of enzymes since they are capable of converting starch 
completely to glucose (4-7). Evidence in the literature (1, 4) 
indicates that the enzymes of this group effect a hydrolysis of 
starch by a single chain mechanism in which glucose units are 
removed from the nonreducing end of a linear chain until com- 
plete hydrolysis of the chain has been effected. Although high 
yields of glucose are obtained from starch and amylopectin, re- 
ports on the ability of the enzyme to hydrolyze the a-p-(1 — 6) 
linkages in the branched polysaccharides are conflicting (4, 6). 
Little attention has been given to the elucidation of the action 
pattern of amyloglucosidase on malto-oligosaccharides or to the 
possibility of transglucosylic reactions (8) occurring during amyl- 
oglucosidase action. 

In our laboratories an amyloglucosidase of Aspergillus niger 
has been obtained in a highly purified state by a chromatographic 
procedure with the use of cellulose ion exchange materials. This 
enzyme has been used in studies reported herein on the mode of 
action of a representative amyloglucosidase on starch and on 
malto-oligosaccharides. The amyloglucosidase converted starch, 
amylose, amylopectin and amylodextrin to glucose in yields ap- 
proximating complete conversion. Results of experiments in 
which malto-oligosaccharides labeled in position 1 with C' were 
used as substrates for the enzyme, showed that the hydrolysis of 
these oligosaccharides begins at the nonreducing end of the mole- 
cules and continues by a multi-chain mechanism. The purified 
amyloglucosidase is capable of hydrolyzing maltose but is devoid 
of transglucosylic activity. 


EXPERIMENTAL 


Materials 


Malto-oligosaccharides—Maltotriose and maltotetraose were 
isolated from an enzymatic hydrolysate of amylodextrin (9) and 
maltopentaose from an acid hydrolysate of amylose (10) by 
methods previously described. Maltose was obtained in crys- 
talline form from a 6-amylase hydrolysate of starch (8). Malto- 
oligosaccharides labeled in position 1 with C™ were prepared from 
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glucose-1-C" and cyclohexaamylose by use of Bacillus macerans 
amylase (10, 11). 

Enzyme Source—A sample of enzyme material, Diazyme, pre- 
pared from Aspergillus niger by an alcohol precipitation proce- 
dure, was provided by Takamine Laboratory, Division of Miles 
Laboratories Inc., Clifton, New Jersey. The enzyme material 
was supplied as a yellow powder which was the starting material 
for the purification work. Preliminary experiments indicated 
that this material contained enzymes with a-amylase, amylo- 
glucosidase and maltase activities. 

Other Materials—Commercial cornstarch extracted with hot 
methanol was the starch substrate used in our experiments. The 
cornstarch was fractionated into amylose and amylopectin by an 
amyl alcohol precipitation method (12) and the amylose and 
amylopectin were also used as substrates for the enzyme. The 
amylodextrin used in this series of experiments was prepared by 
a method described previously (9). 


Methods and Results 


Assay Procedures—Two different procedures have been used 
for assaying for amyloglucosidase activity. The first, suitable 
for a small number of assays, involved the determination of glu- 
cose produced from starch under standardized conditions. In 
the procedure adopted for use, 1.5 ml. of 4 per cent starch solu- 
tion buffered to pH 4.8 with 0.05 m citrate buffer was mixed with 
0.5 ml. of enzyme solution and incubated at 30° for 1 hour. The 
glucose produced in this time in a 0.2-ml. sample of the digest 
was separated by paper chromatography and determined quan- 
titatively with diphenylamine reagent (9). In some instances, 
an alkaline copper reagent (13) was used to obtain a reducing 
value for the digest from which an apparent glucose value was 
calculated. A unit of enzyme activity is defined as that amount 
of enzyme which produces 1 mg. of glucose from 60 mg. of starch 
dissolved in 2 ml. of citrate buffer of pH 4.8 after incubation for 
1 hour at 30°. 

The second assay procedure was a bioassay method based on 
the measurement of growth zones of microorganisms on a starch- 
agar medium and was particularly useful for assaying a large 
number of samples. The assay plates (30- x 20-cm. Pyrex 
plates) used in this procedure contained a layer of agar and a 
layer of agar-starch medium in which cells of the yeast, Sac- 
charomyces cerevisiae, were suspended. Details of the prepara- 
tion of the media and the cells for this procedure are presented 
elsewhere (3). Filter paper disks of 7.0 mm. diameter were 
dipped into the enzyme solution to be assayed, pressed on filter 
paper to adsorb excess solution and placed on the agar-starch 
medium. After incubation for 1 hour at 30° the paper disks 
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were removed and the plates were incubated for an additional 
18 hours at 30°. Growth zones of microorganisms appeared at 
the areas of the plate at which hydrolysis of starch had occurred. 
The diameters of the growth zones are a measure of the amount 
of enzyme activity in the various samples. 

Chromatography on Cellulose Ion Exchange Columns—Cellulose 
ion exchange materials used for the separation of proteins (14, 
15) were found to be excellent materials for separating the car- 
bohydrases of A. niger. A glass column (450 xX 35 mm.) was 
packed with 30 gm. of DEAE-cellulose ion exchange material! 
(reagent grade, type 20) and washed thoroughly with citric acid- 
disodium phosphate buffer of pH 8.0. A sample of 5 gm. of the 
enzyme powder was dissolved in 50 ml. of distilled water, filtered 
and mixed with 10 ml. of 0.04 m calcium acetate. The small 
amount of precipitate which formed was removed by centrifuga- 
tion. The supernatant contained 210 units of amyloglucosidase 
activity per mg. of nitrogen. The enzyme solution was dialyzed 
against running water for 24 hours, diluted to 100 ml. with dis- 
tilled water and mixed with 100 ml. of 0.1 M citric acid-disodium 
phosphate buffer, pH 8.0. This solution was introduced on a 
column of DEAE-cellulose described above. After absorption 
of the enzyme was complete, the column was washed with ap- 
proximately 500 ml. of 0.05 M citric acid-disodium phosphate 
buffer of pH 8.0, followed by 500 ml. of buffer, pH 6.0, and finally 
by 500 ml. of buffer, pH 4.0. Fractions of 15 ml. were collected 
by means of a fraction collector during development of the 
column. Starch-hydrolyzing enzymes were present in fractions 
of pH 6.8 to 7.3 in Tubes 67 to 71, in fractions of pH 6.0 in Tubes 
79 to 82, and in fractions of pH 4.5 to 5.2 in Tubes 110 to 114. 
On the basis of the nature of hydrolytic products produced from 
starch and maltose the enzyme eluted at pH 6.8 to 7.3 seems to 
be an a-amylase whereas those eluted at pH 6.0 and 4.5 to 5.2 
seem to be amyloglucosidases. The two amyloglucosidases 
possess different mobilities on paper electrophoresis and different 
stabilities at elevated temperatures. Since the amyloglucosidase 
which was eluted at pH 4.5 to 5.2 was present in larger amounts 
in the original sample it has been used in our experiments as the 
enzyme representative of the amyloglucosidase group. The 
fractions containing this amyloglucosidase were combined and 
further purified by chromatography on a DEAE-cellulose column. 
The adsorption of the enzyme was effected from a solution of 
pH 6.0 and the elution by buffer of pH 4.0. The samples of pH 
4.6 to 5.0 in Tubes 44, 45, and 46 contained most of the amylo- 
glucosidase activity. These were combined and used as the 
purified amyloglucosidase in the subsequent experiments. Am- 
vloglucosidase assays showed that the solution contained 2900 
units of activity per mg. of nitrogen. 

Paper Electrophoresis—A Spinco model R electrophoresis cell 
was used for determining the electromigration characteristics of 
the original and purified enzyme samples. Samples of 0.01 to 
0.03 ml. of the enzyme solutions were used in the electrophoretic 
separations in 0.1 m phosphate buffer, pH 7.6. Electrophoresis 
was carried out for 7 hours at a potential of 150 volts, direct cur- 
rent and a current of 10 ma. Starch-hydrolyzing enzymes on 
the paper electrophoretic strips were located by the starch- 
iodine color reaction (3). The amyloglucosidase which was 
eluted at pH 4.6 to 5.0 from the chromatographic column mi- 
grated on the paper as one homogeneous band and was located 
at 6.5 em. from the origin. The other amyloglucosidase and 
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the amylase were located at 4 em. and 0.5 cm. from the origin, 
respectively, 

Temperature Stability—Some preliminary observations indi- 
cated that the two amyloglucosidases of A. niger differed in their 
temperature stability. Storage of the enzyme solutions at pH 
4.8 under toluene at 30° had little effect on the enzyme which 
migrated at the faster rate on paper electrophoresis but resulted 
in an inactivation of the other enzyme (18 per cent in 24 hours’ 
storage and 52 per cent in 140 hours’ storage). Likewise, the 
latter enzyme was inactivated more rapidly at elevated tempera- 
tures. In the inactivation studies aliquots of the enzyme solu- 
tions were maintained at 50° and 60° for 30 minutes, cooled 
rapidly to 30° and assayed for activity by the method described 
in “Methods and Results.”’ Under these conditions the extent 
of inactivation for the latter amyloglucosidase was 20 per cent at 
50° and 58 per cent at 60° compared to 4 per cent and 16 per cent 
for the enzyme with the higher paper electrophoretic mobility. 
Both enzymes were stable over a period of several months in the 
refrigerator. 

pH Optimum—The amyloglucosidase activity of the purified 
enzyme sample ased in subsequent experiments was determined 
on a starch substrate of various pH values. <A typical pH curve 
was obtained for the enzyme with maximal activity of pH 4.8 
and with approximately 50 per cent inactivation at pH values 
below 3.0 or above 6.5. 

Action of Amyloglucosidase on Starch, Amylopectin and Amylo- 
dextrin—A 0.2 per cent starch solution buffered to pH 4.8 with 
citrate buffer was mixed with an equal volume of purified amylo- 
glucosidase (16 units per ml.) and incubated at room temperature 
for 18 hours. The enzyme was then inactivated by heat and 
the concentration of glucose in the digest was determined by the 
Shaffer and Somogyi method (13). Similar experiments were 
performed with amylose, amylopectin and amylodextrin as sub- 
strates. From the concentration of the glucose produced and 
the amount of original polysaccharide in the solution, the per 
cent conversion of the polysaccharide to glucose was calculated. 
The values obtained were as follows: 95 per cent for starch, 93 
per cent for amylose, 98 per cent for amylopectin, and 92 per cent 
for amylodextrin. 

The course of amyloglucosidase action on starch was followed 
by identification of the low molecular weight hydrolytic products 
at various stages of hydrolysis. A 2 per cent starch solution of 
pH 4.8 was treated with an equal volume of the purified amylo- 
glucosidase (40 units per ml.) and samples taken for analysis 
after reaction periods of 0, 1, 2, 4, 8, and 24 hours. Paper chro- 
matographic examination of these samples showed that glucose 
was the only low molecular weight product at all stages of hy- 
drolysis. A parallel experiment, in which an 0.8 per cent solu- 
tion of the nonpurified enzyme material (approximately equiva- 
lent in activity to the enzyme solution containing 40 units per 
ml.) was used, showed that maltose and some maltotriose, in 
addition to glucose, were present in the digest after hydrolysis 
periods of 1, 2, and 4 hours. The maltose and maltotriose were 
slowly hydrolyzed to glucose and were not detected in the 8- and 
24-hour samples. The appearance of maltose and maltotriose 
in the early stages of hydrolysis of starch by the nonpurified 
material confirms the presence of an a-amylase type enzyme in 
the original enzyme sample. 

Action of Amyloglucosidase on C-labeled Malto-oligosacchar- 
ides—Samples of 0.1 ml. of 0.1 m solution of maltotriose-1- 
C4, maltotetraose-1-C™ or maltopentaose-1-C" of pH 4.8 were 
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Fic. 1. A paper chromatogram (A) and a radioautograph (B) of the products in digest of maltotriose-1-C' and purified amylo- 
glucosidase. G, glucose; G2, maltose; G;, maltotriose; R, reference malto-oligosaccharides; 8, substrate. 


TABLE I 


Radioactivity (c.p.m.) of products in digest of maltotetraose-1-C' 
and purified amyloglucosidase 


Compound 
Time - ——_—_—_—_——_ 
Maltotetraose Maltotriose Maltose Glucose 
t minules 
0 1680 14 6 0 
5 1590 107 9 3 
15 1230 470 16 1 
30 845 766 89 5 
60 326 1010 364 14 


120 53 282 1350 82 


TaB_e II 
Radioactivity (c.p.m.) of products in digest of maltopentaose-1-C'™ 
and purified amyloglucosidase 


Compound 





Time : Te So a l 
a. | —. | Maltotriose Maltose | Glucose 

minutes | 
0 1920 | 38 11 | 16 | 5 
5 1570 310 23 4 9 
1 | 139 | SO | 9% | 21 | 12 
30 | 880 | 720 310 52 | 18 
60 | 390 610 870 160 | 22 
120 80 | 4 650 1210 | 85 


treated with 0.1 ml. of purified amyloglucosidase (80 units per 
ml.) and incubated at 30°. A sample of 0.005 ml. of untreated 
oligosaccharide solution was placed on a paper chromatogram 
and subsequent samples of 0.01 ml. of the digest were placed on 
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the same chromatogram after incubation of the digest for periods 
of 5, 15, 30, 60, and 120 minutes. The products in the samples 
were separated by paper chromatography and located by the 
permanganate-periodate spray reagent (16) and by radioautog- 
raphy (8). A photograph of the paper chromatogram and 
radioautogram obtained for the maltotriose-1-C™ digest is repro- 
duced in Fig. 1. The radioactivities of the products in the malt- 
otetraose-1-C and maltopentaose-1-C™ were measured directly 
on the paper chromatograms with Geiger-Miiller counting as- 
sembly. Typical values for these experiments are recorded in 
Tables I and II. For comparison purposes, results of a similar 
experiment with maltotetraose-1-C™ and nonpurified enzyme ma- 
terial are presented in Table III. 

Action of Amyloglucosidase on Maltose—The purified and non- 
purified amyloglucosidase hydrolyzed maltose rapidly to glucose. 
In order to determine whether the amyloglucosidase possesses 
transfer activity, these experiments were performed with high 
concentrations of maltose. Samples of 0.5 ml. of 60 per cent 
maltose solution were treated with 0.5 ml. of amyloglucosidase 
(400 units per ml.) or 0.5 ml. of a 2.0 per cent solution of the 


TaBLe III 


Radioactivity (c.p.m.) of products in digest of maltotetraose-1-C' 
and nonpurified amyloglucosidase 


Compound 





Time . - - ————_—_—__— 
Maltotetraose Maltotriose Maltose Glucose 
minules om ; 
0 1690 21 11 2 
15 1021 273 238 10 
30 843 493 415 9 
60 467 654 622 24 
120 154 680 950 57 
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Fic. 2. Paper chromatograms of products in digests of maltose with nonpurified (A) and purified (B) amyloglucosidase. G, glu- 
cose; Ge, maltose; G3, maltotriose; I, isomaltose; P, panose (4-a-isomaltosyl-p-glucose); R, reference malto-oligosaccharides. 


nonpurified enzyme material. Aliquots of the digest were ana- 
lvzed by paper chromatographic methods as described above. 
Photographs of the finished chromatograms of the digests with 
the two enzyme solutions are reproduced in Fig. 2. 

DISCUSSION 

The chromatographic method with DEAE-cellulose is a simple 
and rapid procedure for purifying the amyloglucosidase of A. 
niger. The enzyme so purified has been used for investigating 
the mode of action of an amyloglucosidase on starch and malto- 
oligosaccharides. As measured by a reducing sugar method (13), 
the yield of glucose produced from starch and related compounds 
by the amyloglucosidase is in agreement with that expected for 
complete hydrolysis. Paper chromatographic examination of 
the digest at various stages of hydrolysis showed that glucose 
was the only low molecular weight sugar produced during the 
course of hydrolysis of starch. In order to convert starch com- 
pletely to glucose, the amyloglucosidase must be capable of hy- 
drolyzing the a-p-(1 — 6) linkage as well as the a-p-(1 — 4) 
linkage in the polysaccharide. Results of experiments in prog- 
ress on the hydrolysis of glucosy] oligosaccharides containing the 
a-p-(1 — 6) and the a-p-(1 — 4) linkages by the amylogluco- 
sidase substantiate this suggestion. 

Use has been made of C-labeled malto-oligosaccharides for 
demonstrating that amyloglucosidase action on linear glucose 
polymers proceeds from the nonreducing end of the molecule. 
Thus, the initial products of enzyme action on maltotriose-1-C“ 
(Fig. 1) were maltose-1-C™ and nonradioactive glucose. As the 
concentration of maltose-1-C™ in the digest increased, the disac- 
charide was itself hydrolyzed by the amyloglucosidase to yield 
radioactive and nonradioactive glucose. Values in Tables I and 
II indicate a similar action pattern of amyloglucosidase on malto- 


tetraose-1-C™ and maltopentaose-1-C'; i.e. a stepwise removal 
of the glucose units from the nonreducing end of the oligosac- 
charides. This sequence of production of radioactive products 
from the oligosaccharides labeled at position 1 with C™ points to 
the multi-chain mechanism as the predominate mechanism by 
which these linear oligosaccharides are hydrolyzed by amylo- 
glucosidase. 

The action of amyloglucosidase on labeled oligosaccharides 
differs from that of an enzyme of the a-amylase class. In 
general, a-amylases attack the interior glucosidie bonds of malto- 
oligosaccharides at a rate many times greater than that for 
terminal bonds (10, 17, 18). As a result the major radioactive 
hydrolytic product expected in digests of maltotetraose-1-C™ 
with a-amylases is maltose-1-C™. That the A. niger produces 
an enzyme of the a-amylase type is indicated by a comparison 
of the radioactivities of the hydrolytic products produced from 
maltotetraose-1-C™ by the purified (Table I) and nonpurified 
(Table III) enzyme preparations. These values and the nature 
of the hydrolytic products in digests of starch with the purified 
and the nonpurified enzyme show that the amylase has been 
separated from the amyloglucosidase by the chromatographic 
procedure. 

Fig. 2 shows that the purified amyloglucosidase is capable of 
hydrolyzing maltose to glucose but it does not effect the synthe- 
sis of transglucosylic products. In contrast, the original enzyme 
sample from A. niger was capable of synthesizing transglucosylic 
products (isomaltose and panose) during the hydrolysis of malt- 
ose to glucose. These observations are interpreted as evidence 
for the presence of a maltase with transfer activity in the non- 
purified enzyme preparation from A. niger. The maltase was 
separated from the amyloglucosidase by the chromatographic 
procedure. Although amyloglucosidase, itself, possesses maltase 
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type activity, e.g. hydrolysis of maltose to glucose, it does not the use of cellulose ion exchange materials. The enzyme con- 
effect transglucosylation reactions. verts starch, amylose, amylopectin, and amylodextrin to glucose 
in yields approximating complete conversion. Evidence from 
SUMMARY experiments in which malto-oligosaccharides labeled in position 
1 with C™ were used as substrates indicates that the amyloglu- 
An amyloglucosidase of Aspergillus niger has been obtained  cosidase hydrolyzes the oligosaccharides by a multi-chain mech- 
in a highly purified state by a chromatographic procedure with anism beginning at the nonreducing end of the molecules. 
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Members of the sialic acid family of compounds occur in a 
variety of tissues and body fluids (la, 2) and in bacteria (3), 
incorporated in conjugated protein. The naturally occurring 
sialic acids are substituted neuraminic acid derivatives (N- 
acetyl, N-glycolyl, N ,O-diacetylneuraminic acid). These are 
collectively termed “sialic acids.’””’ The unsubstituted 9 carbon 
chain is called neuraminic acid (4) (Scheme 1). 
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Sialic acids have been detected and measured by several 
methods such as the orcinol (5-7), resorcinol (8), diphenylamine 
(9-12), direct Ehrlich (6, 12), tryptophan-perchloric acid (13, 6), 
hydrochloric acid (14), and sulfuric-acetic acid (15) procedures. 
Most of these are modifications of assays which had been pre- 
viously used for the measurement of other carbohydrates. These 
assays are not only relatively insensitive, but in general have a 
low specificity and cannot be applied to the direct measurement 
of sialic acids in tissues and in other unpurified biological ma- 
terials. Svennerholm (la) has succeeded in eliminating inter- 
fering materials by passing tissue hydrolysates through Dowex 2- 
acetate columns and thereby partially purifying the sialic acids 
before measurement. This method, although reliable, is cum- 
bersome and time-consuming. 

In 1957, Waravdekar and Saslaw (16) reported a method for 
the measurement of 2-deoxyribose, in which the periodate oxi- 
dation product, malonaldehyde, was coupled with 2-thiobarbi- 
turie acid. Since then, Weissbach and Hurwitz (17) have re- 


* A preliminary report of this work has been published (1). 


ported that 2-keto-3-deoxy sugar acids can also be assayed by 
the same method with some modifications. Here the periodate 
oxidation product was 8-formylpyruvic acid. 

Although sialic acids are 2-keto-3-deoxy sugar acids, the 
amino group is always substituted and should not be reactive in 
the thiobarbituric acid assay. The Waravdekar and Saslaw, and 
Weissbach and Hurwitz assays on sialic acids do, in fact, lead 
only to a small amount of color formation. 

We have been able to increase color formation from sialic acids 
considerably by carrying out the periodate oxidation in strong 
acid solution and by extracting the final colored solution into 
cyclohexanone. The molecular extinction coefficient thus ob- 
tained is 12 times higher than that of the resorcinol method, the 
most sensitive method used at the present time. The thiobar- 
bituric acid is specific enough to permit accurate direct measure- 
ment of the sialic acid content of tissues. 


EXPERIMENTAL AND RESULTS 


Materials and Methods—N-Acetylneuraminic acid was syn- 
thesized by the method of Cornforth et al. (18) and purified on a 
Dowex 1-formate column. A sample of N-acetylneuraminic 
acid from blood proteins was kindly supplied by Dr. L. Svenner- 
holm. Methoxyneuraminic acid was generously supplied by Dr. 
E. Klenk. N-Glycolylneuraminic acid and N ,O-diacetylneura- 
minic acid were isolated from the mucins of pig and beef sub- 
maxillary glands, respectively, by the method of Zilliken et al. 
(19). 2-Keto-3-deoxygluconic acid was a gift of Dr. G. Ashwell, 
and 2-deoxyribose and 1-fucose were kindly supplied by Dr. H. 
G. Fletcher, Jr. Sodium periodate, sodium arsenite, and cy- 
clohexanone were the products of the Fisher Scientific Company. 
2-Thiobarbituric acid was obtained from the Eastman Kodak 
Company and was recrystallized from hot water (25 gm. in 600 
ml.). 

The Ehrlich and orcinol assays for sialic acids were those of 
Werner and Odin (6) except for a 10-fold reduction in scale. 
The resorcinol procedure used was that of Svennerholm (8) and 
the diphenylamine assay was that of Ayala et al. (11). Where 
indicated, the column method of Svennerholm (la) for the assay 
of sialic acids was used with some minor modifications (20). 

Thiobarbituric Acid Assay—The procedure in its final form 
used the following solutions: (a) sodium periodate (meta) 0.2 
M, in 9 m phosphoric acid; (6) sodium arsenite, 10 per cent, in a 
solution of 0.5 m sodium sulfate-0.1 Nn H.SO,; and (c) thiobarbi- 
turic acid, 0.6 per cent, in 0.5 m sodium sulfate. All of these 
aqueous solutions were prepared with warming. Solutions were 
stored at room temperature and were stable for more than a 
month. 
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Standard Procedure—To a sample containing up to 0.05 umole 
of N-acetylneuraminic acid in a volume of 0.2 ml., is added 0.1 
ml. of the periodate solution. The tubes are shaken and allowed 
to stand at room temperature for 20 minutes. Arsenite solution, 
1 ml., is added and the tubes are shaken until a yellow-brown 
color disappears. Thiobarbituric acid solution, 3 ml., is added, 
the tubes shaken, capped with a glass bead, and then heated in a 
vigorously boiling water bath for 15 minutes. The tubes are 
then removed and placed in cold water for 5 minutes. During 
cooling the red color fades and the solution often becomes 
cloudy. This does not affect the final reading. Of this solu- 
tion, 1 ml. is transferred to another tube which contains 1 ml. 
of cyclohexanone. If desired, the entire 4.3 ml. of aqueous solu- 
tion can be extracted with 4.3 ml. of cyclohexanone. The tube 
is shaken twice and then centrifuged for 3 minutes in a clinical 
centrifuge. The clear upper cyclohexanone phase is red and 
the color is more intense than it is when in water. Optical densi- 
ties of the organic phase are determined at 549 my in a Beckman 
model DU spectrophotometer equipped with a micro attach- 
ment. Cuvettes with a capacity of 0.6 ml. and a 1-cm. light 
path are used. If the entire 4.3 ml. of aqueous solution is ex- 
tracted with 4.3 ml. of cyclohexanone, readings are made in 3- 
ml. cuvettes (1 cm. light path) in the Beckman spectrophotome- 
ter. The procedure is also carried out on 0.2 ml. of water for 
the blank vessel, and readings are made against this solution. 

Color production varies linearly with concentration of N- 
acetylneuraminic acid over the range usually used, 0.01 to 0.06 
pmole. The molecular extinction coefficient is 57,000. The 
amount of N-acetylneuraminic acid present in a given sample 
can be determined from Equation 1: 


uMoles N-acetylneuraminic acid = 


V X O.D.s549 
57 


(1) 





4.3 X O.D.s549 


57 = 0.075 X O.D.519 


where V is the final volume of the test solution. 

The standard deviation of optical density for 0.04 umole of 
N-acetylneuraminic acid in 14 assays at three different times was 
0.9 per cent. 

Interfering Substances—When tissues are subjected to the 
thiobarbituric acid assay for sialic acids an absorption maximum 
is found at 549 my, due to sialic acids. However, there may 
also be a second absorption maximum at 532 my due to 2-de- 
oxyribose for which a correction must be made since the light 
absorption of this interfering material at 549 my is considerable. 
Other substances such as unsaturated lipides (21) may also yield 
malonaldehyde upon periodate oxidation and contribute to the 











TABLE I 
Correction for 2-deoxyribose in the thiobarbituric 
acid assay 
Mixtures assayed P= met = me 
Vessel 
oe as 2-Deoxyribose | Uncorrected Corrected 
pmole pmole pmole umole 
1 0.030 0.005 0.035 0.030 
2 0.030 0.010 0.038 0.030 
3 0.030 0.020 0.047 0.032 
4 0.030 0.030 0.056 0.030 
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optical density at 532 and 549 muy, but the source of the malon- 
aldehyde does not affect the calculations for correction. For the 
assay of sialic acids in tissues, readings were made routinely at 
532 and 549 my and the optical density values were inserted into 
Equation 2.1 


uMoles N-acetylneuraminic acid 


= 0.090 X O.D.sx9 — 0.033 X O.D.532 (2) 


Equation 2 corrects for the optical density at 549 mu which does 
not derive from N-acetylneuraminic acid. The correction is 
based upon the observed molecular extinction values of N-acety]- 
neuraminic acid and 2-deoxyribose at 532 and 549 mp. Table I 
shows the uncorrected and corrected values obtained when four 
solutions, containing a constant amount of N-acetylneuraminic 
acid in the presence of varying amounts of 2-deoxyribose, were 
assayed. 

A second method of correction, especially useful in the presence 
of large amounts of 2-deoxyribose, is to determine the optical 
densities of the colored solution at 562 my as well as at 532 my. 
These values are inserted into Equation 3, which corrects for the 
absorbance not due to sialic acids.” 


uMoles N-acetylneuraminic acid 


= 0.138 O.D.se2 — 0.009 O.Diss2 (3) 

Other methods for the elimination of color due to 2-deoxyribose 
derivatives can be developed for use in special circumstances. 
It has been found that when the aqueous solution of chromo- 
phores is extracted with two volumes of isoamy] alcohol, 85 per 
cent of the material with a 532-my peak is removed from the 
aqueous phase whereas only 10 to 15 per cent of the sialic material 
with the 549-my peak is extracted into the organic phase. Sub- 
sequent extraction of the aqueous phase with cyclohexanone 
affords a partially purified sialic acid chromophore. This pro- 
cedure may be of value when very large amounts of 2-deoxyribose 
derivatives are present. 

Color due to sialic acid may be destroyed by the addition of 
strong base while the 2-deoxyribose chromophore is stable. This 
phenomenon could be used to determine the contribution of 
deoxy sugars to the optical density at 549 mu. 

One umole of the substances listed below were tested alone and 
in the presence of 0.04 umole of N-acetylneuraminic acid to see 
whether they produced color or interfered with color production 
by N-acetylneuraminic acid; glucosamine, N-acetylglucosamine, 
mannosamine, N-acetylmannosamine, galactosamine, N-acety]- 
galactosamine, glucose, fructose, galactose, L-fucose, D-mannose, 
p-ribose, galacturonic acid, diphosphopyridine nucleotide, adeno- 


1 The constants of Equation 2 are calculated as follows: 


uMoles N-acetylneuraminic acid 


= [== O.D.s49 = 
€2€3 — €1€4 


where ¢;, and e2 are the molecular extinction coefficients x 107° 
of N-acetylneuraminic acid at 532 and 549 my, respectively, and 
€; and « are the molecular extinction coefficients X 10~* of deoxy- 
ribose at 532 and 549 my, respectively. «, = 26, «2 = 57, e; = 133, 
e, = 48. The final volume of the test solution = 4.3 ml. 

2 Equation 3 is calculated in the same manner as Equation 2. 
e, and e2 are the molecular extinction coefficients X 10~* of N-ace- 
tylneuraminic acid at 532 and 562 my, respectively, and e; and « 
are the molecular extinction coefficients of 2-deoxyribose at 532 
and 562 my, respectively. e: = 26, «2 = 32.6, e; = 133, « = 8. 

3 Suggested by Dr. A. Weissbach. 


€2€3 — €1€4 
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sine triphosphate, aspartic acid, histidine, glutamic acid, folic 
acid and uridine 5’-monophosphate. None of these produced 
any color alone or interfered with color formation from N-acety]- 
neuraminic acid, except for L-fucose which caused a 35 per cent 
decrease in optical density. This inhibition is probably due to 
acetaldehyde, one of the products of periodate oxidation of 
fucose. Acetaldehyde, 1 umole, inhibited color formation to 
about the same extent as 1 umole of L-fucose; 50 umoles of sodium 
formate or sodium acetate did not inhibit color formation from 
0.04 umole of N-acetylneuraminic acid. 


Factors Which Affect Assay 


Periodate Oxidation—As seen in Fig. 1, a strongly acidic en- 
vironment is required to obtain a maximal molecular extinction 
coefficient. Strong acid is probably required to remove the 
acetyl or glycolyl from the amino group before oxidation. We 
have shown that the substituting group is removed during the 
reaction, since when N-acetylneuraminic acid labeled with C™ in 
the acetyl group is subjected to the thiobarbituric acid assay, 
the chromophore produced is not radioactive. The mechanism 
of the reaction is being investigated at the present time. 

Color formation rises sharply with increasing amounts of 
periodate, and a maximal amount of color is produced with 20 
to 40 ymoles of sodium periodate per vessel. Considerably less 
color formation results when the periodate oxidation takes place 
at 0 or 37° rather than at room temperature (22°). Oxidation in 
the dark has no effect on the final extinction coefficient. Some- 
what lower molecular extinction coefficients result when the 
sample to be assayed is in a volume greater than 0.2 ml. 

Sodium Arsenite Step—An excess of sodium arsenite is used. 
It has been found that as little as 0.5 ml. of arsenite solution may 
be used to destroy the periodate present. Vessels to which 
arsenite has been added have been stored for 4 days at 4° before 
the thiobarbituric acid heat step, with no decrease in the final 
optical density reading. 

Thiobarbituric Acid Step—A slightly higher optical density can 
be obtained by decreasing the amount of thiobarbituric acid 
reagent used in the assay to2.5 ml. This is the minimal amount 
which will give a molecular extinction coefficient of 57,000. 
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Fic. 1. The influence of acidity on the thiobarbituric acid assay. 
N-Acetylneuraminic acid, 0.03 ymole, was assayed by the method 
described in the text, except for variation of the phosphoric acid 
concentration. 
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Fic. 2. Development of color with time of heating in thiobar- 
bituric acid assay. N-Acetylneuraminic acid, 0.04 umole, was 
used in the assay. 


Fig. 2 demonstrates increasing color formation with time in the 
heating bath. 

Unsuccessful attempts have been made to use solutions of 
thiobarbituric acid in organic solvents. The greater solubility of 
thiobarbituric acid in certain organic solvents would allow the 
assay to be carried out in a smaller final volume and would in- 
tensify color without further additions (see below). 

If barbituric acid is substituted for 2-thiobarbituric acid in the 
assay a pink color is obtained. The absorption peaks of N- 
acetylneuraminic acid and 2-deoxyribose chromophores are at 
506 and 485 mu, respectively. The molecular extinction coeffi- 
cients are considerably lower than when 2-thiobarbituric acid 
is used. No color was produced when 5-nitrobarbituric acid 
or 5,5’-diethylbarbituric acid replaced 2-thiobarbituric acid. 

Organic Solvent Extraction and Use of Sodium Sulfate—It has 
been found that when the chromophore is extracted into cyclo- 
hexanone there is a marked increase in the intensity of the color. 
Color-forming resonance of the chromophore is apparently less in 
polar solvents than it is in relatively nonpolar organic solvents. 
The addition of many water-soluble organic solvents to the aque- 
ous solution such as ethanol also intensify color. 

Although the salt depresses the color intensity in aqueous 
solution, it facilitates the transfer of chromophore into the or- 
ganic phase. The presence of sodium sulfate in the sodium 
arsenite and thiobarbituric acid solutions leads to a 28 per cent 
increase in the observed molar extinction coefficient by making 
the extraction of chromophore by cyclohexanone more complete. 

Characteristics of Chromophore—Fig. 3 illustrates the absorp- 
tion characteristics of the N-acetylneuraminic acid and 2-deoxy- 
ribose chromophores. The absorption maxima are at 549 and 
532 muy, respectively. The color formed with 2-keto-3-deoxy- 
gluconic acid has a spectrum that is identical with that of N- 
acetylneuraminic acid. The colors are very stable in acidic 
aqueous solution and in cyclohexanone. Optical densities re- 
main constant for several hours. 
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Fic. 3. The absorption spectra of N-acetylneuraminic acid 
(0.04 ymole) and 2-deoxyribose (0.02 umole) in the thiobarbituric 
acid assay. 











TaBLeE II 
Summary of molar extinction coefficients 
Di- Thio- 

Compound et |i —. barbiturc 
SS SS a a 
N-Acetylneuraminic acid. ..| 2030 | 4040 | 4340 | 4700 | 57,000 
N-Glycolylneuraminic acid .| 2060 | 3340 | 5060 | 5450 | 46,000 
Methoxyneuraminic acid. ..| 2180 | 2270 | 5700 5600 0 
2-Keto-3-deoxygluconic acid! | 79,000 

2-Deoxyribose..............| 


| 133,000 





Color due to N-acetylneuraminic acid is destroyed in basic 
solution whereas the absorption maximum of 2-deoxyribose color 
moves to a higher wave length. The chromophores of both N- 
acetylneuraminic acid and 2-deoxyribose in cyclohexanone are 
destroyed in a few minutes at 100°. The N-acetylneuraminic 
acid chromophore does not fluoresce in aqueous or organic sol- 
vents but does have an orange fluorescence when dry on paper. 

Molecular Extinction Coefficients—Table II is a summary of 
molecular extinction coefficients of sialic acids in five assays. 
N-Acetylneuraminic acid in the thiobarbituric acid method has 
a molecular extinction of 57,000, 12 times that in the resorcinol 
method and 28 times that in the direct Ehrlich assay. The e 
value of N-glycolylneuraminic acid in the thiobarbituric acid 
assay is 19 per cent lower than that of N-acetylneuraminic acid. 
This may reflect a difference in the ease with which the glycoly] 
and acetyl groups are removed from the amino of neuraminic 
acid. Methoxyneuraminic acid gives no color in the thiobar- 
bituric acid assay and all attempts to remove the 2-substituent, 
so that a positive test can be obtained, have been unsuccessful. 
The oxygen atom on the second carbon of neuraminic acid 
must be free for a positive test. Sialic acids bound to carbo- 
hydrates in tissues, presumably at the 2-position do not react in 
the thiobarbituric acid assay without prior hydrolysis. Mild 
hydrolysis is required to free sialic acids and make them reac- 
tive in the thiobarbituric acid assay. 

Our preparations of N ,O-diacetylneuraminic acid were im- 
pure and did not yield reliable extinction values. However, it 
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is likely that the ¢ of N ,O-diacetylneuraminic acid is the same 
as that of N-acetylneuraminic acid because mild acid treatment, 
which is known to convert diacetyl to N-acetylneuraminic acid 
(22), did not alter the molar absorption coefficient of our diacetyl- 
neuraminic acid preparations. Svennerholm has shown that the 
e values of N-acetylneuraminic acid and N ,O-diacetylneuraminic 
acid are approximately the same in the orcinol (7) and resorcinol 
assays (8). Colominic acid, a polymer which is made largely of 
N-acetylneuraminic acid residues (3), gave only a faintly positive 
reaction in the assay. The small amount of color produced may 
be due to contaminating free N-acetylneuraminic acid, or pos- 
sibly end groups may be reactive in the thiobarbituric acid test. 


Assay of Sialic Acids in Tissue Hydrolysates 


Since the thiobarbituric acid assay measures only free sialic 
acids, tissue homogenates were heated at 80° for 1 hour in 0.1 
N H.SO,. This procedure is known to release bound sialic acids 
without degradation (la, 20). In this study we compared the 
thiobarbituric acid method with the column method of Svenner- 
holm, the most reliable method of measuring sialic acid in bio- 
logical materials previously used. In general the procedure fol- 
lowed was to hydrolyze a fluid or tissue in a volume of 4 ml. with 
a final concentration of H.SO, of 0.1 n. After hydrolysis 3.7 
ml. were placed on a Dowex 1-acetate column whereas 0.3 ml. 
was used directly in the thiobarbituric acid assay divided among 
three vessels with differing amounts of hydrolysate in each 
vessel. The eluates from the Dowex 1-acetate columns were 
measured by the resorcinol assay according to the method of 
Svennerholm (la, 8). 

A comparison was made of the sialic acid concentrations of 
various tissues and fluids determined by several other methods 
(Table III). For the calculations it is assumed in all cases that 


TasB_e III 


Sialic acid content of biological materials 
by different assays 

















og een ee ee 
Time | ppl tet IT) ER | oi oe 
| method | } | | 
| 
pmoles/100 gm. 
Grey matter, beef | | | | | 
brain 1 | 392 | 398 | 1447 | 710 | 747 770 
White matter, | | | 
beef brain 1 | 125 | 132 | 2230 | 349 | 424 | 1290 
Bull semen 2 | 600 | 620 | 1382 | 1305 | 913 | 2316 
Human semen. . 8 | 268 | 272 | 650 
Beef liver.. 1 | 149 | 189 | 855! 623| 495 | 919 
Mouse liver 1 | 97 | 89 | 
Mouse adrenal 1 128 | 230 | | 
Mouse spleen 1 164 | 179 | 
Rat submaxillary | | | | 
gland 1 | 193 | 202 | | 
Guinea pig thy- | | 
roid.... ‘ 1 | 646 | 603 | 
Egg yolk (hen).... 1 | 136 | 132 | 1160 | 735 | 633 | 810 
Egg white (hen)..| 1 | 98 | 81 | 333| 136| 95 | 210 
Human cerebro- | 
spinal fluid*....| 2 | 4.2 | 4.8 | 





* These specimens had been frozen and stored for several 
months before assay. 
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the form of sialic acid present is N-acetylneuraminic acid (mol. 
wt. = 309). In most cases excellent agreement between the 
column and thiobarbituric acid methods was obtained whereas 
values obtained by other methods were high. The mouse adrenal 
specimen was so small that determinations were made at the 
limit of resolution of the column and thiobarbituric acid methods. 
This may account for the discrepancy between the results of the 
two methods. The concentration of sialic acid in cerebrospinal 
fluid reported in the literature is far higher than ours; this may 
be due to the relatively nonspecific assay used in the previous 
study (23). The levels of sialic acids in specimens of normal and 
pathological cerebrospinal fluid are now being determined in col- 
laboration with Dr. R. K. Jakoby. 

A difference of results between the column and thiobarbituric 
acid assays might also arise because all calculations are based 
upon the molar extinction coefficients of N-acetylneuraminic 
acid. As seen in Table II the molecular extinction coefficient of 
N-acetylneuraminic acid is 16 per cent lower than that of N- 
glycolylneuraminic acid in the resorcinol assay (column method) 
whereas it is greater in the thiobarbituric acid assay. Thus, 
differences between the values obtained by the resorcinol and 
thiobarbituric acid assays might arise, since the proportions of 
the N-glycolyl and N-acetyl derivatives in these tissues is not 
known. However, the close agreement between the methods 
indicates that N-acetylneuraminic is probably the predominant 
form of sialic acid present. This is known to be so in human 
semen (20) where the results of the two methods agree within 
1.5 per cent. 


DISCUSSION 


It is presumed that sialic acids form 8-formylpyruvic acid upon 
periodate oxidation, since the thiobarbituric acid chromophores 
of sialic acids and 2-keto-3-deoxygluconic acid behave similarly. 
Their absorption spectra are identical (Amax = 549 mu). Both 
are soluble in cyclohexanone and only slightly soluble in isoamy] 
alcohol and both are unstable in basic solution in contrast to 
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the malonaldehyde chromophore. The chromophores of both 
have the same R, in two different solvent systems.‘ 

The effect of the pyranose ring of N-acetylneuraminic acid in 
the thiobarbituric acid assay is unknown but it is doubted that 
it has a significant influence on the reaction. The data pre- 
sented here are consistent with the structures of the sialic acids 
proposed by Gottschalk (24). 

The assay described differs from the others in that the sialic 
acids must be free. By carrying out the assay on hydrolyzed 
and unhydrolyzed samples, the levels of free, bound, and total 
sialic acids in biological materials can be determined. 

Recently, after this manuscript had been prepared a letter was 
published which described an assay for sialic acid that used 
thiobarbituric acid (25). No definite extinction values were 
given but from the data it appears that the method is no more 
sensitive for sialic acid than the 2-deoxyribose assay of Warav- 
dekar and Saslaw (16) or the 2-keto-3-deoxy sugar acid assay of 
Weissbach and Hurwitz (17). Both of these are 12 times less 
sensitive than the procedure described in this paper. 


SUMMARY 


A colorimetric assay has been developed for sialic acids in which 
sialic acids are oxidized with sodium periodate in concentrated 
phosphoric acid. The periodate oxidation product is coupled 
with thiobarbituric acid and the resulting chromophore is ex- 
tracted into cyclohexanone. The thiobarbituric acid assay is 
reproducible, sensitive (¢€ = 57,000 for N-acetylneuraminic acid), 
and considerably more specific than other methods and permits 
accurate direct analysis for sialic acids in tissue hydrolysates. 
The method is unique in that it only measures unbound sialic acid. 
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The pathway of metabolism of various long chain fatty acids 
in the mammal represents a complex phenomenon. Not only 
are there several different types of fatty acids to be considered, 
but in addition some six to eight different ester forms in which 
they are normally present in a tissue. Perhaps one of the more 
typical sites of metabolism of fatty acids is the liver, and is 
considered here in some detail. 

Among the earlier studies on fatty acid metabolism, Sinclair 
and Smith (26) and Barrett et al. (1) showed that elaidic acid and 
deuterated linseed oil, respectively, were incorporated to a 
greater extent into the phospholipides of the liver than into the 
neutral lipides. In contrast, Cavanaugh and Raper (8) and 
Coniglio et al. (9) with the use of a partially deuterated linseed 
oil, and C"-labeled acids (isolated from a rat fed C'-acetate), 
respectively, found a higher incorporation into the neutral 
lipides. More recently, Bergstrém et al. (3) reported a detailed 
study on the incorporation of C-labeled stearic, palmitic, and 
myristic acids into the neutral lipides and phospholipides of rat 
liver. Although stearic acid was apparently incorporated more 
readily into the phospholipides than into the neutral lipides, the 
reverse was true of the other two saturated long chain acids. 
Morehouse et al. (21), who fed C'- and deuterium-labeled dioley]- 
stearin and dioleylpalmitin, corroborated the findings of Berg- 
strém and co-workers. 

Although the above studies have provided considerable in- 
formation, it seemed worthwhile to consider in some detail the 
individual lipide components into which the various fatty acids 
may be incorporated in the liver, and the possible interrelation 
of these components. Hence in the present paper the influence 
of corn and olive oil on the nature and level of the liver lipides 
of the rat, and at the same time the general distribution of C'*- 
labeled palmitic, oleic, stearic, and linoleic acids in these lipides 
were investigated. In Paper II of this series, a more detailed 
description is presented of the turnover of the long chain fatty 
acids in the various lipides and the possible interconversions of 
these long chain fatty acids in the liver of the adult rat. 


EXPERIMENTAL 


Materials 


Carboxy C-labeled palmitic, stearic, and linoleic acids were 
obtained from Volk Radiochemical Company, and oleic acid 


* Supported by grants from the American Cancer Society and 
the National Science Foundation. This material formed part of 
the thesis submitted by John C. Dittmer to the Graduate School 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 


was synthesized essentially by the procedure of Bergstrom et al. 
(4). All solvents were reagent grade, except the hexane, which 
was a Phillips Petroleum product labeled “minimum 95% 
hexane.” Before use, this hexane was distilled from potassium 
permanganate and the fraction boiling at 67-69° was collected. 
Mallinckrodt Reagent Grade silicic acid, either from freshly 
opened bottles or dried overnight at 100°, was used for all silicic 
acid column chromatography. Hyflo Super-Cel, Johns-Mans- 
ville Corporation, was used consistently in the preparation of 
silicic acid columns for the fractionation of phospholipides and, 
after treatment described below, in the fractionation of the fatty 
acids by reverse phase chromatography. Dichlorodimethyl- 
silane obtained from Matheson, Coleman, and Bell, Inc. and 
U.S.P. heavy grade mineral oil were used in the preparation of 
reversed phase chromatographic columns. Crotalus adamanteus 
venom, used as a source of phospholipase A {lecithinase A), was 
obtained from the Ross Allen Reptile Institute.1 Male Sprague- 
Dawley rats weighing 180 to 200 gm. were used in all the feeding 
experiments. Before use in any experiments, all rats were 
maintained on a standard chow diet at least 1 week. 


Procedures 


Extraction of Lipides—In all experiments the rats were lightly 
anesthetized, the blood removed by heart puncture, and the 
liver excised and placed in ice-cold ethanol. The remainder of 
the extraction was carried out essentially as described elsewhere 
(13). In the final step of this isolation procedure, the mixed 
lipides were dissolved in chloroform and treated as described 
below. 

Separation of Neutral Lipides and Phospholipides—The above 
total lipide fraction was separated into the neutral lipide and 
phospholipide components essentially by the method of Borg- 
strém (5). The lipide, dissolved in chloroform, was placed on 
silicic acid columns with a maximum of 50 mg. of lipide per gm. 
of adsorbent. The neutral lipides were eluted with a total of 20 
ml. of chloroform per gm. of silicic acid and the phospholipides 
subsequently eluted with 10'ml. of methanol per gm. of silicic 
acid. Both fractions were evaporated to dryness in a vacuum 
at room temperature and made to volume with chloroform, or 
in the case of the neutral lipides, which were to be further frac- 
tionated, with hexane. 

Neutral Lipide Fractionation—The neutral lipide fraction from 
liver was separated into cholesterol ester and triglyceride frac- 
tions by the technique of Barron and Hanahan (2). The lipide 
in hexane was placed on a column of silicic acid which had been 


1 Silver Springs, Florida. 
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previously washed with ether, 15 per cent benzene in hexane, 
and hexane. Approximately 1 gm. of silicic acid was used per 
15 mg. of neutral lipide. The cholesterol ester fraction was 
eluted first from the column, with 10 ml. of 15 per cent benzene 
in hexane per gm. of silicic acid and the triglycerides, next, with 
80 ml. of 5 per cent ether in hexane per gm. of silicic acid. In 
all cases, the eluants were checked for sterol by the Liebermann- 
Burchard reaction before changing the solvent to collect the 
triglyceride fraction; the triglyceride fraction was shown to be 
free of sterol by the same test. The remainder of the neutral 
lipides, principally free cholesterol, was removed by elution with 
10 ml. of pure diethyl ether per gm. of silicic acid.? 

Phospholipide Fractionation—The phospholipides were frac- 
tionated on silicic acid by the procedure described by Hanahan 
et al. (13). In general, the loading ratio was 0.7 mg. of lipide 
phosphorus per gm. of adsorbent and the usual solvents were 
chloroform-methanol mixtures (4:1, 3:2, and 1:4, volume per 
volume, respectively). In order to remove contaminating nitro- 
gen fractions, the crude phosphoinositide fraction was rechroma- 
tographed on silicic acid (15). In all instances the progress of 
the chromatographic fractionation was followed by phosphorus 
assay. 

Enzymatic Degradation of Lecithins—Some difficulty was ex- 
perienced in obtaining a quantitative reaction of phospholipase 
(lecithinase A) of snake venom with the lecithins obtained by 
silicic acid fractionation under the conditions of Hanahan et al. 
(14). It was found that this lecithin, rechromatographed on 
aluminum oxide columns, reacted in a satisfactory manner. 
Subsequently, Long and Penney (19) observed a similar phenom- 
enon and attributed it to the low pH of these fractions. These 
latter investigators suggested the addition of ammonia to the 
ether solution to a pH of 7.2 for optimal reaction conditions. 

In a typical reaction system, 50 to 75 mg. of lecithin were 
dissolved in 25 ml. of 99 per cent diethyl ether and 2 mg. of 
Crotalus adamanteus venom, dissolved in 0.1 ml. of 0.1 Mm CaCl, 
were added. To this solution was added either anhydrous am- 
monia in ether (to bromothymol blue end point) as described by 
Long and Penney (19) or a fine stream of anhydrous ammonia 
was bubbled through the ether solution until a heavy white 
precipitate was seen to form on the bottom of the flask. The 
reaction mixture was then allowed to stand for a minimum of 6 
hours and C-1 (a@’) fatty acids in the free form and the lysolecithin 
were separated as described below. 

The ether was removed from the reaction mixture in a vacuum 
and the remaining residue was dissolved in a minimal volume 
of chloroform-methanol 4:1, volume per volume, and then placed 
on a silicic acid-Hyflo Super-Cel column (1 gm. of silicic acid for 
each 0.5 mg. of lipide phosphorus) and the column eluted with the 
same solvent. Usually no more than two column volumes were 
required to remove all of the free fatty acids. Next, the column 
was eluted with chloroform-methanol 1:4, volume per volume, 
on a fraction collector to separate the unchanged lecithin and the 
lysolecithin. Appropriate tubes were assayed for phosphorus, 
the lysolecithin fraction collected, and the solvent removed in a 
vacuum. A typical separation is shown in Fig. 1, in which case 
the lysolecithin was analyzed as: P, 5.25 per cent; N, 2.33 per 
cent; N/P, molar ratio, 0.98; fatty acid/P, molar ratio, 0.97. 


2 Although in these instances the neutral lipides and phospho- 
lipides were separated in this manner, they can be fractionated 
quite conveniently on a single column with the use of the indicated 
solvents. 
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Fic. 1. Chromatographic separation, on silicic acid-Hyflo 
Super-Cel (2:1, weight per weight) columns, of reaction products 
from action of phospholipase (lecithinase A) on lecithin (rat liver). 
The column was first eluted with chloroform-methanol 4:1, for 
removal of free fatty acids and subsequently, as shown above, 
eluted with chloroform-methanol 1:4, volume per volume, for 
removal of any unchanged lecithin (L) and lysolecithin (LL). 
The volume of each tube was 3.5 ml.; 5.0 mg. of lipide phosphorus 
was placed on 10 gm. of silicic acid. 














On the basis of the recovery of lecithin and lysolecithin phos- 
phorus after chromatography, the reaction with snake venom 
was over 95 per cent complete. 

In order to recover the free or C-1 fatty acid, the chloroform- 
methanol 4:1 fraction was evaporated to dryness in a vacuum, 
dissolved in diethyl ether, and the fatty acid extracted into 0.2 
M NaOH. After acidification of this alkaline extract with HCl, 
the fatty acids were re-extracted into diethyl ether. The ether 
extract was washed free of mineral acid with distilled water, 
the solvent removed by evaporation in a vacuum, and the fatty 
acids made to volume with ethanol, and assayed. 

The fatty acids of the lysolecithin were obtained by the alkaline 
hydrolysis procedure described in the following section. 

Hydrolytic Procedures and Assay of Specific Activity of Fatty 
Acids—In those fractions where only a specific activity of the 
fatty acids was to be determined, an appropriate amount of the 
fraction calculated to yield from 4 to 8 mg. of fatty acid was 
evaporated to dryness in glass ampules.* Then 3 to 5.0 ml. of 
2 n KOH in 40 per cent ethanol were added and after flushing 
with nitrogen the tubes were sealed. After hydrolysis for 4 to 
6 hours at 100°, the tubes were cooled and opened, the hydrolysis 
mixture rinsed into a separatory funnel, and the nonsaponifiable 
material extracted into ether. The ether was washed twice with 
small volumes of 0.2 n NaOH which, combined with the hydroly- 
sate, was acidified with 12 n HCl. The fatty acids were ex- 
tracted into ether and the ether washed well with water. The 


3 The question of the radioactive purity of the various lipide 
fractions presents a problem of considerable importance. At 
present, no facile or absolute route to a solution is evident. Al- 
though rechromatography represents a possible approach, it in 
itself is no panacea. In all the experiments reported here and in 
Paper II of this series, the specific activity of the individual 
lipide fractions, as obtained by chromatography, decreased to a 
value 5 per cent of the maximal peak value of the particular 
fraction and the following components. Thus, on a radioactive 
basis, the main components were considered to have been sepa- 
rated to a reasonable extent. 
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fatty acids were oxidized by a modification of the method de- 
scribed by Van Slyke et al. (29). The released CO, was precipi- 
tated as BaCO; and the specific activity, calculated as counts 
per minute per mg. of carbon, determined by the usual counting 
techniques. All counts were recorded (as observed) on a Nuclear 
Chicago D47 Micromil counter. 

Those fractions, which were obtained in an amount sufficient 
for chromatographic fractionation of the fatty acids, were hy- 
drolyzed with 10 ml. of 2 n KOH in 40 per cent ethanol under 
reflux for 4 to 6 hours. Extraction of the fatty acid was carried 
out as described above and an aliquot dried and weighed for 
combustion and determination of specific activity. 

Reversed Phase Chromatographic Separation of Fatty Acids— 
The fatty acids from the various lipide fractions were separated 
by reversed phase chromatography on siliconized celite columns 
as described by Howard and Martin (17) and improved by Silk 
and Hahn (25), and Crombie et al. (10). The fractionation is 
improved and simplified by the use of gradient elution, but the 
separation of fatty acids by these columns is limited. A com- 
plete separation of the even-numbered saturated fatty acids is 
possible (17, 25). The more common unsaturated fatty acids 
have been shown to partition as follows: palmitoleic, linoleic, 
and arachidonic with myristic; oleic with palmitic (10, 23). As 
shown by Mead (20), linolenic is eluted from the column before 
myristic; however, he was unable to detect any in rats even when 
they were maintained on a linolenate-supplemented diet. 

Popjak and Tietz (23) recognized the possibility of effecting a 
further separation for quantitative determination of the various 
fatty acids by hydrogenization of the fractions and rechroma- 
tography; they applied this technique to the determination of 
palmitic and oleic acid in a fatty acid fraction obtained from a 
mammary gland, cell-free suspension. Mead (20) extended this 
technique to the determination of the palmitoleic, linoleic, and 
arachidonic acids in rat lipides. In the former case, oleic acid 
after hydrogenization is separated from palmitic acid as stearic 
acid and in the latter, palmitoleic, linoleic, and arachidonic acids 
are separated as palmitic, stearic, and arachidic acids, respec- 
tively. As has been pointed out by Mead (20), this method 
does not allow for the detection of positional isomers of the 
unsaturated fatty acids. 

Because of the principal interest here in the fate of ingested 
palmitic, stearic, oleic, and linoleic acids, the separation of these 
acids was checked by adding C"*-labeled fatty acids separately 
to the fatty acids from a phospholipide fraction isolated from 
rat liver. The results of this study showed that the C-labeled 
fatty acids contained no other detectable radioactive species and 
also were eluted in the expected order and fractions as very 
sharp peaks. When the unsaturated acids were hydrogenated 
under proper conditions (see below), the resulting saturated acids 
behaved in the expected manner. The fractionation procedure 
used in the present study is essentially the same as described by 
Steinberg et al. (28). Columns of two sizes measuring 1.1 by 70 
em. and 0.9 by 60 em., which held 28 and 14 gm. of adsorbent, 
respectively, were used. The fatty acids, 1.5 mg. or less per gm. 
of adsorbent, were placed on the column admixed with 0.5 gm. of 
adsorbent, in a manner similar to that described by Silk and 
Hahn (25). The column was eluted with a total of 40 ml. of 
solvent per gm. of adsorbent over a gradient of 50 to 85 per cent 
acetone in water. The gradient is achieved by use of 50 and 85 
per cent acetone in an apparatus similar to that described by 
Bock and Ling (6), which was modified to permit operation of the 
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column under pressure. In order to facilitate titrimetric assay 
of the column, 0.001 per cent bromothymol blue was added to 
the eluting solvent. Each fraction was titrated under nitrogen 
with 0.005 n KOH in methanol. When desired, samples could 
be taken for measurements of radioactivity or further separation. 
In the latter case the desired fractions were combined and evap- 
orated to dryness in a vacuum. After acidification the fatty 
acids were extracted into diethyl ether and the solution washed 
to remove mineral acid. After the ether was removed under 
vacuum, the fatty acids were dissolved in ethanol, and hydro- 
genated under 50 pounds pressure for 1 to 2 hours with 5 mg. of 
platinum oxide as catalyst. Hydrogenization at atmospheric 
pressure with the same catalyst for as long as 3 hours in one case 
gave only partial hydrogenization of the linoleic acid fraction 
from rat liver phospholipide. The saturated fatty acids were 
rechromatographed as described above and assayed. 


RESULTS AND DISCUSSION 


Fatty Acid Composition of Corn and Olive Oil 


Inasmuch as these two oils represented the main vehicles in 
which each of the labeled fatty acids was fed (see below), and 
obviously could influence the pathway of metabolism, the fatty 
acid composition was determined; these data are presented in 
Table I. 

The differences between these two oils reside principally in the 
ratio of linoleic to oleic acid. Olive oil is rich in oleic acid which 
constitutes approximately 71 per cent of the total acid; this is 6 
times the amount of linoleic acid present. In the corn oil, 
linoleic acid predominates, amounting to almost 41 per cent of 
the fatty acid present. Oleic was also present in appreciable 
amounts, approximately 29 per cent in the latter case, whereas 
stearic acid was found in relatively small amounts in both oils. 
The corn oil, however, had almost twice as much stearic acid as 
olive oil. Palmitic acid also occurred in larger quantities in the 
corn oil than in the olive oil, amounting to approximately 19 and 
13 per cent of the total fatty acid in the two oils, respectively. 


Fatty Acid Composition of Lipides of Liver 


Although the fatty acid composition of the glycerides and 
phospholipides of ox, pig, sheep, and horse liver has been deter- 
mined, there has been little information reported until recently 
on the composition of the individual lipides or of the liver lipides 
of other species. The analyses reported are rather restricted by 
limitations of the methods used which did not allow a strict 


TaBLe I 
Fatty acid composition of corn oil and olive oil used 
in feeding experiments 
Determined by reversed phase chromatography. 





Molar per cent 








Fatty acid 
Corn oil Olive oil 
RE eee ae 19.1 12.8 
0 rrr eee 6.8 3.5 
a ere 28.7 70.7 
PEE vies cites Se awraies 40.7 11.8 








* In addition to linoleic acid, this fraction may contain arachi- 
donic, palmitoleic, and myristic acids. 
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definition of the individual fatty acids; however, on the basis of 
analyses by Hilditch and Shorland (16) on ox, pig, and sheep 
liver, Klenk and Schoenbeck (18) and Snider and Bloor (27) on 
ox liver, and Bruce et al. (7) on horse liver, the following generali- 
zations can be made. In reference to the saturated fatty acids, 
palmitic predominates in the liver glycerides whereas stearic acid 
predominates in the phospholipides. Palmitic acid represents 
approximately 25 per cent of the total fatty acid of the glyceride 
and 12 per cent of the phospholipide total fatty acid. Stearic 
acid occurs to the extent of 5 and 9 per cent and 20 to 30 per cent 
of the glyceride and phospholipide fatty acid, respectively. 

Of the unsaturated fatty acids, the Cis unsaturated types, 
presumably oleic and linoleic acid, occur in relatively greater 
abundance than the C2o-22 unsaturated fatty acids in the glyc- 
erides whereas in the phospholipides the C2o-22 unsaturated fatty 
acids occur in proportionately higher amounts. The Cj, un- 
saturated fatty acids occur to the extent of 40 to 50 per cent of 
the total fatty acids of the glycerides and 30 to 40 per cent of the 
phospholipides. The C2o.22 unsaturated fatty acids represent a 
total of 10 to 15 per cent of the glyceride fatty acid and slightly 
less than 30 per cent of the phospholipide fatty acid. In general, 
variations between the different species reported are no greater 
than the variations between different analyses on the same 
species. 

Recently, Okey and Harris (22) have reported on the distribu- 
tion of the unsaturated fatty acids in the cholesterol ester, glyc- 
eride, and phospholipide fractions of rat liver. In general, the 
distribution of the unsaturated fatty acids in rat liver corresponds 
with what is known of the distribution of these acids in the liver 
of other species. Dienoic acid, which occurs to the extent of 49 
per cent of the total fatty acid, predominates in the glyceride 
fraction. The more highly unsaturated fatty acids represent 
only 4.2 per cent of the total fatty acid. In the phospholipides, 
Okey and Harris report a relatively larger amount of tetraenoic, 
pentaenoic, and hexaenoic acids, 32 per cent of the total fatty 
acids, and only 15 per cent dienoic acid. Of the higher un- 
saturated fatty acids, the tetraenoic predominates, occurring to 
the extent of 27 per cent of the total acids. The fatty acid 
composition of the cholesterol ester is reported to be similar to 
the glycerides in that there is only 3.5 per cent higher unsaturated 
fatty acids; there is approximately 34 per cent dienoic acid 
present. 

In order to effectively evaluate the results of more detailed 
metabolic studies (see Paper II of this series), it was necessary 
to ascertain the nature of the fatty acid components of the various 
liver lipides and the nature of any changes in composition over 
an extended time period. Consequently, in Table II are sum- 
marized the data accumulated for four time periods (4, 6, 10, and 
18 hours). The analyses represent an average of two or more 
separate assays. It is interesting to note that the variation of the 
fatty acid composition of most of the lipides over the time periods 
studied is no greater than was observed between the analyses of 
the lipides isolated at different time intervals during the study. 
In the present experiments, rats were fed a single dose of 0.5 ml. 
of corn oil, sacrificed at the indicated time after feeding and the 
liver lipides isolated and fractionated as described above. The 
results of these experiments are discussed in the following sec- 
tions. 

Saturated Fatty Acids—Palmitic acid showed the least differ- 
ence in distribution of all the fatty acids and therefore served as 
a useful reference substance. In all of the lipides, it occurred 
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TaB_e II 
Fatty acid composition of liver lipides after feeding corn oil 
See text for details. 
































| | | 
Fraction and time after feeding Linoleic ‘wae ae Lig Oleic | Stearic 
hrs. 
Triglyceride 
4 25.8 | 2.2} 2.6 | 23.9 | 38.1 5.0 
6 26.6 | 2.2] 2.7 | 23.4 | 35.9] 8.0 
10 27.1 | 2.3 | 2.6 | 25.6 | 36.9] 4.8 
18 21.9} 2.3 | 2.6 | 24.2 | 33.1] 9.4 
Cholesterol ester 
4-4 15.7 0 | 31.5 | 29.2 
10-18 17.1 19.3 | 27.8 | 29.6 
Phosphatidy] ethanol- 
amine 
4 10.3 | 19.3 | 9.0) 18.8 | 11.5 | 23.7 
6 10.3 | 23.6 | 9.6 | 23.1 | 10.8 | 22.0 
10 10.1 | 24.0 | 10.1 | 21.4 | 10.0 | 24.1 
18 9.7 | 27.7 | 9.7 | 20.2 | 10.1 | 22.9 
Lecithin a’(C-1) fatty 
acid 
4 36.2 | 36.2 | 10.5 | 3.0] 10.2 | 3.6 
6 36.6 | 40.2} 9.4] 4.2] 8.0] 1.6 
10 27.6 | 45.9 | 10.7 | 3.0] 9.0] 3.4 
18 30.8 | 41.6 | 12.0) 4.0} 9.9] 1.0 
Lecithin 6 (C-2) fatty | 
acid 
4 | | 4.1 48.0) 8.0 | 39.7 
6 | | 4.3 | 42.5 | 11.8 | 41.2 
10 | | 3.8 | 42.1 | 11.6 | 42.4 
18 | | 4.6) 46.6 | 7.2) 41.4 
Phosphoinositide | 
4 | 4.5 | 43.4 | 10.1 | 8.3| 5.7 | 27.9 
6 3.8 | 36.2; 8.4] 8.9 5.9 36.9 
10 3.9 | 37.2 | 8.6] 7.9] 5.4 | 34.9 
18 3.7 | 35.9) 9.3] 6.5| 4.5) 39.8 











in the range of 20 to 25 per cent of the total fatty acid except in 
the inositide where it represented only 8 per cent of the total 
acid. In the lecithin, palmitic acid occurred almost exclusively 
in the C-2 (8) ester position. In both the lecithin and phos- 
phatidyl ethanolamine, the amount of palmitic acid was nearly 
equaled by stearic acid; and in the cholesterol ester, there was 
approximately one and one-half times as much stearic acid as 
palmitic. As with palmitic acid, stearic acid was found pre- 
dominately in the C-2 (8) position of the lecithin. Stearic acid 
predominated over palmitic acid of the inositide where it occurred 
on an average of 25 per cent of the total acid. This was approxi- 
mately four times the amount of palmitic acid present. In the 
triglyceride, stearic acid was a relatively minor component. 
Unsaturated Fatty Acids—The polyunsaturated fatty acids, 
other than linoleic acid, also occurred in the triglyceride in rela- 
tively small amounts. Linoleic acid occurred in an amount 
equal to palmitic acid and was exceeded only by oleic acid which 
on an average made up 38 per cent of the total triglyceride fatty 
acid. The small amount of acids available from the cholesterol 
ester fraction precluded the determination of the different polyun- 
saturated fatty acids; however, even compared with the triglyc- 
eride, the total polyunsaturated fatty acids represents a small 
proportion of the cholesterol ester fatty acid. On the other hand, 
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oleic acid was present in fairly large proportion, being 30 per 
cent of the total acid. On a quantitative basis, oleic acid is a 
relatively unimportant component of the phospholipides. It 
occurs to the extent of 10 to 13 per cent of the fatty acids of the 
lecithin and phosphatidy] ethanolamine and represented a little 
less than 6 per cent of the inositide fatty acids. Interestingly 
enough, oleic acid of the lecithin is distributed almost equally 
between the C-1 (a@’) and C-2 (8) positions. 

In the phospholipides, the polyunsaturated fatty acids com- 
prised from 40 to 50 per cent of the total fatty acid. The distri- 
bution of the three major polyunsaturated fatty acids in the 
fraction, however, varied considerably with the individual lipides. 
In all three of the phospholipides, lecithin, phosphatidy] ethanol- 
amine, and inositide, arachidonic acid predominated but to a 
varying degree. The inositide fraction had the greatest propor- 
tion where arachidonic acid constituted approximately 35 per 
cent of the total acid. Phosphatidyl ethanolamine was next with 
24 per cent and the lecithin followed with nearly 20 per cent. 
In an inverse order, linoleic acid occurred to the greatest extent 
in the lecithin, 16 per cent of the total fatty acid, and to the 
least extent in the inositide where it represented less than 4 per 
cent of the total fatty acid. The occurrence of linoleic acid in 
the phosphatidyl ethanolamine fell between these two extremes, 
approximately 10 per cent of the total acid. 

There was a Cx fatty acid appearing in the initial fraction of 
the reverse phase chromatographic fractionation which has been 
identified only on the basis of rechromatography of this fraction 
after hydrogenization. On the basis of this and the fraction in 
which it chromatographs before hydrogenization, it has been 
tentatively identified as a docosahexaenoic acid. The occurrence 
of such an acid derived from linolenic acid has been reported 
previously by Mead (20). The proportion of this acid in the 
phosphatidyl ethanolamine and inositide was nearly the same; 
approximately 9 per cent of the total fatty acids. Only one-half 
this amount occurred in the lecithin. 

The distribution of the polyunsaturated fatty acids between 
the C-1 (a’) and C-2 (8) ester positions of the lecithin was as 
expected on the basis of previous reports (11, 12); that is, they 
occurred predominately in the C-1 (a’) position. The total 
amount of the highly unsaturated fatty acids isolated in the C-2 
(8) fatty acids was too small to permit any further analyses 
by reversed phase chromatography. Since in the phospha- 
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Fic. 2. Distribution of labeled fatty acids, fed in corn or olive 
oil to adult rats, between phospholipides and neutral lipides of 
liver; =, phospholipides; ©, neutral lipides. See text for details. 
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tidyl ethanolamine and phosphoinositide approximately equal 
amounts of unsaturated and saturated fatty acids occurred, it was 
probable that a distribution of the unsaturated and saturated 
fatty acids of these phospholipides was similar to that of the 
lecithins. The case for phosphatidyl ethanolamine is sub- 
stantiated by the report of Rhodes (24) who found a similar 
distribution in the phospholipide ethanolamine and lecithin frac- 
tion of hen’s eggs. 


Incorporation of Labeled Fatty Acids 


In this particular phase of the study, it was deemed necessary 
to investigate the effect of the vehicle oil on the pathway of 
metabolism of the long chain fatty acids and also, where possible, 
to ascertain whether there was any specific localization of label 
in a lipide molecule at one particular time period. Thus, by such 
a procedure, some definitive leads could be gained as to the most 
profitable detailed experimental approach. 

Influence of Different Oils on Incorporation of Fatty Acids— 
The C-labeled fatty acids, usually 0.4 mg. of an acid with a 
total radioactivity of 4 to 7 X 10° c.p.m., were administered in 
0.5 ml. of corn or olive oil by oral intubation to adult rats. In 
the usual case, each acid was given to each of four animals and 
at the end of 6 hours the animals were sacrificed and the liver 
lipides obtained as described above. The specific activity of the 
liver total phospholipide and neutral lipide fatty acids, and of the 
triglycerides, cholesterol esters, lecithin, inositide, and phospha- 
tidy] ethanolamine fatty acids was determined. In order to 
correct for any dilution effect due to differences in fatty acid 
composition of corn and olive oi!, the activity of the different 
fractions has been expressed in terms of the percentage of the 
specific activity of the fatty acids in the oil fed. 

In the liver, there was no appreciable dependence of the rela- 
tive distribution of stearic, oleic, and linoleic acids between the 
phospholipides and neutral lipides on the vehicle oil (Fig. 2). 
Stearic acid of both corn oil and olive oil is incorporated prefer- 
entially into the phospholipides, and oleic acid of both oils into 
the neutral lipides. Linoleic acid is incorporated preferentially 
into the phospholipides independent of which oil is fed. How- 
ever, there was an apparent dependence of the distribution of 
palmitic acid on the nature of the vehicle oil. The palmitic acid 
of corn oil was distributed to a larger extent into the neutral 
lipides whereas that of olive oil was incorporated nearly equally 
between the phospholipides and neutral lipides. The distribu- 
tion of stearic acid of corn oil was in agreement with the observa- 
tions of Bergstrém et al. (3); however, with palmitic acid, they 
obtained a greater incorporation into the neutral lipides. 

On examination of the relative distribution of the fatty acids 
of corn oil and olive oil between the individual lipides of the liver, 
the independence of this distribution on the oil fed was still 
generally maintained (Fig. 3). The only exception is with 
palmitic acid where a relatively higher incorporation of the pal- 
mitic acid of olive oil into the triglycerides was observed, as 
compared with that of palmitic acid of corn oil. Stearic acid of 
both corn oil and olive oil was incorporated into the liver lipides 
in the order; lecithin > inositide > cholesterol ester > phos- 
phatidylethanolamine > triglyceride; oleic acid in the order; 
triglyceride > cholesterol ester > lecithin > phosphatidyl- 
ethanolamine > inositide; and linoleic acid in the order; triglycer- 
ide > lecithin > cholesterol ester > phosphatidylethanolamine > 
inositide. Again it should be noted that the distribution rep- 
resented here was a reflection of the fatty acid composition 
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of these lipides as well as the turnover rates of the different acids 
in the different lipides. Further, no correction for the intercon- 
version of the fatty acids has been made although more detailed 
studies have indicated that at least with corn oil certain inter- 
conversions do take place. 

Although the fatty acid composition of the two oils was re- 
flected in the relative distribution of the different fatty acids in 
the liver phospholipides and neutral lipides, this does not extend 
to the individual lipides of the liver. Only in the case of the 
distribution of the fatty acids of corn oil in the triglycerides and 
of the fatty acids of olive oil in the triglycerides, cholesterol 
ester, and lecithin was there any apparent relationship between 
the amount of acid incorporated and the fatty acid composition 
of the oil fed. At least in the case of corn oil, the variance was 
even greater when the fatty acid composition of the lipides and 
the interconversion of fatty acids were considered. 

Distribution of Labeled Fatty Acids in Certain Lipides—The 
distribution of the fatty acids between the C-1 or a’-ester posi- 
tion and the C-2 or 8-ester position of lecithin, with the exception 
of palmitic acid, was essentially independent of the oil fed (Table 
III). The relatively higher incorporation of labeled palmitic 
acid (when fed in corn oil) into the C-1 ester position, may be 
attributed to the interconversion of palmitic to oleic acid. This 
conversion has been indicated after feeding corn oil and would 
not be as likely to occur with olive oil, which contains a relatively 
higher amount of oleic acid. In general, the incorporation of the 
palmitic acid of olive oil into the C-1 ester position of the lecithin 
corresponds with that found in a previous study (12). The value 
obtained for the incorporation of oleic acid of olive oil into the 
C-1 position is somewhat smaller than that previously reported. 
The observed uptake of stearic acid and linoleic acid was expected 
on the basis of distribution of unsaturated and saturated fatty 
acids between the C-1 and C-2 ester positions of the lecithins of 
liver (11, 12). 

In no case was there an indication of any uptake of labeled 
fatty acids (Cys or Cis) into the sphingomyelin fraction; however, 
this was not too surprising when one considers that sphingo- 
myelins of liver contain mainly C2: and Cy saturated fatty acids. 
Although the action of phospholipase A on the phosphatidyl 
ethanolamine-serine fraction, for some unknown reason, was of 
limited success, the available results indicated a decided asym- 
metric handling of certain of the acids. A high degree of uptake 
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TaB.e III 
Relative distribution of corn and olive oil fatty acids in C-1 or 
a’-ester position of liver lecithin 
See text for details. 





| Percentage of specific activity in fatty acid* 








Fatty acid 2 cE 
Corn oil | Olive oil 
on | } wees 
a. re | 12.4 | 5.5 
ee ee Cre 3.7 4.0 
EN eee | 28.9 | 34.2 
es I 86.5 | 80.0 








* The remainder of the radioactivity was located in the C-2 or 
8 ester group. 

t In addition to linoleic acid, this fraction may contain arachi- 
donic, palmitoleic and myristic acids. 


(over 90 per cent) of linoleic acid into the C-1 ester group was 
observed, whereas palmitic acid and stearic acid tended to localize 
mainly in the C-2 ester position. Again, oleic acid appeared to 
be equally incorporated into the C-1 and C-2 ester positions. 
Although this information was of considerable interest, it should 
be emphasized that the isolation of a suitable lysophosphatidy] 
ethanolamine fraction was never too successful and indicates a 
definite necessity for further studies on this subject. Inasmuch 
as phosphatidyl] inositol seems not to be attacked by lecithinase 
A, no information on the positioning of its fatty acid was avail- 
able. Nonetheless this inositide fraction seems to be a rather 
specific handler of stearic acid, as judged by a high uptake of 
labeled stearic acid. 

In summary, the relative distribution of palmitic, stearic, 
oleic, and linoleic acids between the phospholipide and neutral 
lipide fractions of liver is independent of the oil fed (except as 
noted above). This extends in most cases to the individual 
lipides of the liver. That there is a definite effect of the oil fed 
on the metabolism of ingested fatty acids is shown by the rela- 
tive distribution of the different acids in the phospholipides and 
neutral lipides of the liver lipides after feeding corn oil and olive 
oil. This latter effect is manifested by a correlation of the dis- 
tribution of the fatty acids in each fraction to the fatty acid 
composition of the oil fed. This correlation does not extend to 
the individual lipides of the liver, although there are definite 
differences in the distribution of the fatty acids dependent on the 
oil fed. 


SUMMARY 


The fatty acid composition of the various individual neutral 
and phospholipide components of rat liver is presented. Over a 
period of 4 to 18 hours after feeding a single dose of corn or olive 
oil to adult rats, the fatty acid distribution in these different 
lipides was reasonably constant. 

In a general study of the influence of corn and olive oil on the 
distribution of C' from carboxy-labeled palmitic, oleic, stearic, 
and linoleic acids in the liver lipides, there seemed to be no appre- 
ciable dependence on the relative distribution of these long chain 
acids between phospholipides and neutral lipides. Similarly, in 
the relative distribution of these fatty acids in the individual 
lipides of the liver, this same independence of the vehicle oil, with 
the exception of palmitic acid, was maintained. The asymmetric 
or specific positioning of the long chain fatty acids in the lecithin 
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molecule was essentially independent of the vehicle oil. How- it was considered to be due to its apparent conversion to oleic 
ever, again an exception was the palmitic acid, and in this case acid. 
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In an extension of the study outlined in the preceding paper 
(3), an investigation was made of the relative rates of incorpora- 
tion of orally ingested C-carboxy-labeled palmitic, oleic, stearic, 
and linoleic acids into the individual lipides of the rat liver. The 
results of these experiments are presented here. In addition, 
observations on the interconversions of these particular fatty 
acids, within the limits posed by use of carboxy labeling, are 
outlined and the effect of these interconversions on the apparent 
incorporation of ingested fatty acids into lipides is reported. 


EXPERIMENTAL 


The methods, materials, and experimental procedures are the 
same as outlined in the preceding paper (3). Since as the feeding 
of four labeled fatty acids in different ratios (in two or more oils) 
would be a formidable task, it was decided to undertake a detailed 
study of one combination. Thus, only the results with corn oil 
are reported here. 


RESULTS AND DISCUSSIONS 


Comments on Effects of Interconversion and Dilution of 
Fatty Acids on Incorporation Studies 


The fact has been well established that interconversions of 
long chain fatty acids do occur in mammalian tissue. Inasmuch 
as there are obvious differences in the metabolism of individual 
fatty acids, failure to consider any interconversions may produce 
an erroneous picture of incorporation. In a previous study, the 
distribution of oleic acid and palmitic acid in the C-1 (a’) and 
C-2 (8) ester positions in liver lecithin was reported (5). In this 
investigation, a high incorporation of palmitic acid into the C-2 
(8) position and an even distribution of oleic acid between the 
C-1 and C-2 positions was observed. Since the incorporation of 
label from oleic acid into the C-2 position could be explained by 
conversion of oleic acid to stearic acid, it was important in any 
similar study to determine the extent of interconversions of 
ingested fatty acids. 

Closely associated with the effect of the interconversion of fatty 
acids on the data obtained in incorporation studies is (a) the 
effect which may be attributed to dilution of the activity of the 
fatty acid fed by the other fatty acids of the oil, and (6) the dilu- 
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tion of the activity of the incorporated fatty acid by the other 
fatty acids of the isolated lipide. The former case, that is the 
dilution of the fatty acid fed, is especially important when it is 
desired to obtain the variations in the incorporation of a fatty acid 
into a lipide under different conditions which involve feeding the 
labeled fatty acid in oils of variable fatty acid composition. A 
compensation for this dilution can be made by comparing the 
percentage of the specific activity of the individual fatty acids 
fed, isolated in the lipide, rather than as is usually done by 
using the percentage of the specific activity of the total fatty 
acidsfed. Ina comparison of the incorporation into different lip- 
ides of a given fatty acid fed in the same oil, the dilution due to 
the amount of acid fed need not, of course, be considered. 

Although the data obtained and corrected as discussed above 
will give information concerning the relative distribution of the 
ingested fatty acid in the various lipides isolated, it should be 
remembered that the specific activity of the total fatty acid of a 
lipide, after feeding a labeled fatty acid, is dependent on a number 
of factors. Chief among these is the relative amount of the fatty 
acid which normally occurs in the lipide and the rate of turnover 
of that fatty acid. If there are changes in the fatty acid com- 
position of the lipide during the time under study or changes in 
the total amount of the lipide in the tissue, these must also be 
considered. In any case, if a comparisonof the rates of incorpora- 
tion or turnover rates of a given fatty acid in two or more lipides 
is to be considered, a correction for the dilution of the fatty acid 
in the isolated lipide must be included. This is best accom- 
plished by determining and comparing the specific activity of the 
individual fatty acids rather than the specific activity of the total 
fatty acid. Unfortunately, the techuical difficulties involved 
in such a determination are such that this is not feasible as yet 
on the small amounts of lipide which are generally recovered from 
most tissues. The use of gas phase chromatography for the 
fractionation of very small amounts of fatty acid methyl ester 
should provide a very reasonable approach to the solution of this 
problem. 


Fate of Ingested Fatty Acids in Liver 


In these experiments, each of 12 Sprague-Dawley rats was fed 
0.5 ml. of corn oil containing the particular C“ carboxy-labeled 
fatty acid under study. At intervals 4, 6, 10, and 18 hours after 
feeding, 3 rats were sacrificed. The lipides of the liver were 
extracted and separated into the neutral lipide and phospholipide 
fractions. These components were further fractionated into the 
triglyceride, cholesterol ester, lecithin, phosphatidyl ethanol- 
amine and phosphoinositide fractions. The specific activity of 
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the fatty acids of each of these fractions was determined and 
together with the C-1 (a’) and C-2 (8) fatty acids of the lecithin 
the fatty acids were separated by reverse phase chromatography 
and the individual components assayed for radioactivity. The 
fatty acid composition was calculated on the basis of the relative 
areas under the titration curve of the chromatographic fractiona- 
tion. On the basis of the relative distribution of the radioactiv- 
ity between the different fatty acids, the specific activity of the 
total fatty acids and the per cent fatty acid composition of each 
lipide fraction, the specific activity of the individual fatty acids 
was calculated. The following equation was used for this calcu- 
lation. 
Specific activity é. x er: of activity in 
\_ total fatty acid particular fatty acid 
Percentage of particular fatty acid in lipide 





= specific activity of particular fatty acid 


With those fractions in which the specific activity of the in- 
dividual fatty acids of the isolated lipide was determined, the 
data are presented on the basis of the specific activity of the 
fatty acid in the percentage of the specific activity of the fatty 
acid fed. On this basis, the variations observed may be assumed 
to represent differences in metabolism not dependent on the 
relative amount of the fatty acid incorporated in the lipide under 
study or to the dilution of the fatty acid as fed. 

Incorporation of Palmitic Acid—The greatest turnover of pal- 
mitic acid in the liver lipides occurred in the triglycerides where 
a maximal specific activity of over 10 per cent of the palmitic 
acid fed was reached approximately 4 hours after feeding. The 
cholesterol ester palmitic acid attains a comparable maximum, 
but approximately 4 hours later than the triglycerides; thus 
indicating a somewhat slower turnover (Fig. 1). A maximal 
activity of 8 per cent of the specific activity of the ingested pal- 
mitic acid is attained by the palmitic acid of the C-2 (8) position 
of the lecithin, although 2 to 3 hours later than the triglycerides 
(Fig. 3). The rate of turnover of the palmitic acid of the C-2 (8) 
position of the lecithin and of the phosphoinositide was of the 
same order as that of the cholesterol ester although the relative 
specific activity of the palmitic acid of these lipides was quite 
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Fig. 1. Incorporation of palmitic acid-1-C™ into triglycerides 
(TRIG) and cholesterol esters (CE) of rat liver. The following 
labeled acids were found: O, palmitic; A, stearic; M, oleic. See 
text for details. 
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Fic. 2. Incorporation of palmitic acid-1-C'* into phosphatidyl 
ethanolamine (PE) and phosphoinositide (PHOS) fractions of rat 
liver. The following labeled acids were found: O, palmitic; A, 
stearic; M®, oleic. See text for details. 
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Fig. 3. Incorporation of palmitic acid-1-C™ into C-1 (a@’) and 
C-2 (8) fatty acids (FA) of lecithins of rat liver. The following 
acids were found: O, palmitic; A, stearic; @, oleic. See text for 
details. 


different. As indicated, the maximal activity of the cholesterol 
ester and lecithin C-2 (8) palmitic acid reached 8 and 10 per cent 
of the palmitic acid fed, respectively. The inositide palmitic 
acid specific activity reached a maximum of only 3.4 per cent of 
the palmitic acid fed. The turnover of the phosphatidyl ethanol- 
amine (Fig. 2) and lecithin C-1 (@’) palmitic acid is somewhat 
slower than that of any of the other lipides. Even so, the maxi- 
mal activities attained by these two fractions is greater than that 
of the inositide although not as high as the lecithin C-2 (8) pal- 
mitic acid. If the same distribution of palmitic acid between 
the C-1 (a’) and C-2 (8) positions of the phosphatidyl ethanol- 
amine occurs as in the lecithin, then the specific activity of the 
palmitic acid in the respective positions of the phosphatidyl 
ethanolamine is as great or greater than the specific activity of 
the palmitic in the corresponding positions of the lecithin. This 
was not the case with the inositide where even if there was an 
asymmetric distribution of palmitic acid in either the C-1 (a@’) or 
C-2 (8) positions, the specific activity would not equal that of 
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the lecithin palmitic acid. 





It is apparent that at least the 
palmitic acid of the inositide of liver was not derived from the 
same source as the other phospholipide palmitic acid. 

The specific activity of the stearic acid and oleic acid derived 
from palmitic acid in percentage of the specific activity of the 
fed palmitic acid is presented with the palmitic acid data, Figs. 1- 
3. In general, the specific activity of the stearic acid was greater 
than that of the oleic acid which would be expected if the oleic 
acid was derived from palmitic acid by way of stearic acid. The 
one exception was in the lecithin where in both the C-1 (@’) and 
C-2 (8) positions the specific activity of the oleic acid was greater 
than the stearic acid. The relative changes in the specific activ- 
ity of the oleic acid in these two positions did not show any 
appreciable difference with time. In the case of stearic acid, 
there was an initially high specific activity in the C-1 (a’) posi- 
tion of the lecithin and a gradual decrease over the next 16 hours. 
There was an almost exactly concomitant increase of the specific 
activity of the C-2 (8) stearic acid over the same period. No 
similar distribution or change with time was found in the case of 
ingested stearic acid. 

Incorporation of Oleic Acid—Because no conversion of oleic 
acid (to any other long chain fatty acids) was detected in the 
liver lipides, the incorporation of oleic acid was the most easily 
defined. The distribution observed is presented graphically in 
Fig. 4. As with palmitic acid, the most rapid turnover occurred 
in the triglyceride where a maximal incorporation was obtained 
within 4 hours after the oil was fed. During the next few hours, 
the activity of the triglyceride oleic acid decreased as the activity 
of the phosphatidyl] ethanolamine and lecithin oleic acid in- 
creased. This increase continued to a maximum approximately 
10 hours after feeding. The specific activity of the phosphoinosi- 
tide and cholesterol ester oleic acid also rose to a peak near 10 
hours after feeding; however, there was also evidence that the 
specific activity of the oleic acid of these two lipides reached as 
great or greater peak in the initial 4 hours after feeding. Over 
the time period studied, the variations in the specific activity of 
these two lipides paralleled one another closely and were quanti- 
tatively nearly the same. Apparently both the source and turn- 
over rate of the oleic acid of the phosphoinositide and cholesterol 
ester were the same. A similar relationship apparently held 
between the lecithin and phosphatidyl ethanolamine oleic acid. 

There was no great difference in the relative rates of incorpora- 
tion of oleic acid into the different phospholipides of the liver. 
The differences previously observed (3) were a reflection of the 
relative amounts of oleic acid in the different lipides. A con- 
sideration of the specific activity of the total oleic acid of a given 
phospholipide did not disclose any difference which occurred in 
its metabolism. However, the determination of the specific 
activity of the oleic acid of the C-1 (a@’) and C-2 (8) positions of 
the lecithin showed a remarkable difference in the metabolism of 
the oleic acid of the two positions. 

Oleic acid is distinctive in the fact that it is found almost 
equally in the C-1 (@’) and C-2 (8) positions of lecithin. In this 
respect, it could be utilized in the rat as either a saturated or 
unsaturated fatty acid. Within the first 4 hours after feeding, 
the specific activity of the C-2 (8) oleic acid attained a value 
twice that of the oleic acid of the C-1 (a’) position. This differ- 
ence is maintained through the 6th hour at which time the maxi- 
mal activity of the C-1 (a’) fatty acid is reached. As the activity 
of the C-1 (a’) fatty acid dropped rather rapidly, the activity of 
the C-2 (8) fatty acid continued to rise to a maximum approxi- 
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Fic. 4. Incorporation of oleic acid-1-C™ into various lipides of 
rat liver. The abbreviations represent the following: TRIG, tri- 
glycerides; CE, cholesterol esters; PE, phosphatidyl ethanol- 
amine; PHOS, phosphatidyl inositol; LEC, lecithin; FA, fatty 
acids. The only labeled fatty acid present, as indicated by re- 
= phase chromatography, was oleic acid. See text for de- 
tails. 
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mately 10 hours after feeding. This latter maximal specific 
activity exceeded that of all the other lipides at any time, with 
the exception of the triglyceride, which reached its maximum at 
least 6 hours earlier. In the sense that the oleic acid of the C-1 
(a’) position reached a maximum in a shorter time than the C-2 
(8) oleic acid and then rapidly decreased in activity, it may be 
assumed that the turnover of the C-1 (a’) oleic acid is greater 
than that of the C-2 (8) oleic acid. The very large difference in 
the specific activity of the oleic acid of the two positions indicated 
that the ultimate source of the oleic acid of each position is differ- 
ent. The exact nature of these sources is not clear. Certainly, 
the source of the oleic acid was not in one of the major lipides of 
the liver, although the possibility of its being a fatty acid of a 
particular position of one of these lipides cannot be discounted. 
Although this interpretation of this data may not be correct, it 
seemed apparent that the rates of turnover of the C-1 (a’) and 
C-2 (8) oleic acid of lecithin were not equal, which suggested that 
the fatty acids of these positions can turnover in an independent 
manner. That such might be the case was first proposed by 
Hanahan and Bloomstrand (5). 

The relative distribution of oleic acid derived from palmitic 
acid suggested that oleic acid from this source was not metabo- 
lized in the liver lecithin in the same way as ingested fatty acid. 
The greater specific activity of the oleic acid of the C-2 (8) posi- 
tion observed with ingested oleic acid did not occur with oleic 
acid derived from palmitic acid. Oleic acid from these two 
sources would not be expected to be handled the same if one of 
the lymph or plasma lipides acted both to carry the oleic acid 
from the intestine and also served as the source for the C-2 (8) 
fatty acid of lecithin. Oleic acid synthesized from palmitic acid 
in the liver or elsewhere in the body would not necessarily be 
incorporated into such a lipide. It is possible that the diglyc- 
eride or monoglyceride fraction, isolated from plasma by Mead 
and Fillerup (7) after feeding C™-oleic acid and containing 20 
per cent of the ingested oleic acid, is the lipide involved. Other 
factors such as the possibility that oleic acid derived from pal- 
mitic acid is a positional isomer, that is, not the 9:10 unsaturated 
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Fia. 5. Incorporation of linoleic acid-1-C" into various lipides 
of rat liver. The abbreviations represent the following: TRIG, 
triglycerides; CE, cholesterol esters; PHOS, phosphatidyl ino- 
sitol; PE, phosphatidyl ethanolamine; LEC, lecithin (phos- 
phatidyl choline); FA, fatty acids. The following labeled acids, 
as indicated by reversed phase chromatography, were found: O, 
linoleic; @, arachidonic. See text for details. 
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fatty acid usually recognized as the naturally occurring isomer, 
cannot be ruled out. 

Incorporation of Linoleic Acid—As indicated by the time re- 
quired for linoleic acid of the various lipides to reach maximal 
activity, the turnover of triglyceride, cholesterol ester, and phos- 
phoinositide linoleic acid was of the same order. The maximal 
activity was reached approximately 6 to 10 hours after feeding. 
The turnover of the linoleic acid of C-1 (a’) and C-2 (8) fatty 
acids of the lecithin and the phosphatidyl ethanolamine was only 
slightly less with the maximal activity being reached approxi- 
mately 10 hours after feeding (Fig. 5). In the phospholipides, 
the maximal activity attained was of the same order, from 30 to 
35 per cent of the specific activity of the linoleic acid fed. In the 
two neutral lipides, the maximal activity reached the extremes 
observed. The triglyceride linoleic acid reached a maximal rela- 
tive specific activity of 44 per cent, whereas the cholesterol ester 
linoleic acid attained a maximum of only 23 per cent. Because 
of the apparently similar turnover rate in all of these fractions, 
it must be assumed that the source of linoleic acid of at least the 
triglyceride and cholesterol ester must be different. 

It might be noted that the over-all specific activity of linoleic 
acid was consistently higher than was generally found with the 
other acids studied. On the basis of the studies reported above, 
on the effect of differences in the fatty acid composition of the 
oil fed on the incorporation of the different fatty acids, it would 
seem that this high relative specific activity is in some way 
related to the high linoleic acid content of the corn oil. The 
more detailed studies here show that it is not a question of differ- 
ences in the turnover rate of the different fatty acids. These are 
all nearly of the same order, with the exception of stearic acid 
noted below. Dilution effects due to the relative amounts of the 
different fatty acids in the individual lipides have been included 
as a correction. Therefore, the differences observed must most 
probably be related to a higher specific activity of the linoleic 
acid pool from which the lipide of the liver is synthesized. Such 
a condition could be produced by the mechanism described below. 

It would seem that in the liver there is a tendency for the fatty 
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acid composition of the various lipides to remain relatively con- 
stant. Thus, the ratio of the various fatty acids in a given lipide 
remains the same. In order that there be a synthesis of new 
lipide or turnover of the fatty acids of endogenous lipide without 
a difference in the turnover rate of the different fatty acids, there 
must be fatty acid available in the liver in the proper ratio, 
When an oil is fed, which is rich in a particular fatty acid, then 
to achieve the proper ratio of fatty acids it is necessary to (a) 
convert other fatty acids to the acid or acids needed, (6) mobilize 
the required fatty acids from sources in which no general balance 
of fatty acid composition is maintained or (c) synthesize the 
required fatty acids from acetate. Regardless of which of these 
mechanisms may function in the rat, the over-all effect would be 
to dilute and thereby lower in varying degrees the specific activ- 
ity of all the fatty acids except that one which was fed in excess. 
With corn oil, that fatty acid is obviously linoleic acid which 
occurs in relatively high proportions and, in line with this proposi- 
tion, has a relative specific activity three to four times greater 
than that of palmitic, oleic, or stearic acid. The data obtained 
in the preliminary studies with olive oil indicated that such a 
mechanism is also operative for oleic acid when olive oil is fed. 
For example, the fatty acids of the liver lipides have a relative 
specific activity two to three times as great with C"*-oleic acid 
fed in olive oil as they have with C'*-palmitic, linoleic, or stearic 
acid fed in the same oil; and, significantly, olive oil has a high 
oleic acid content. 

Incorporation of Stearic Acid—The turnover rate of stearic acid 
was lower than was observed in any of the other fatty acids. 
The greatest turnover was in the triglyceride and cholesterol] 
ester where the maximal activity was reached approximately 10 
hours after feeding. The change of specific activity of stearic 
acid in the phospholipides was markedly similar. The maximal 
specific activity either had not been reached by 18 hours or it was 
reached just before that time. Accordingly, the turnover of 
stearic acid in the phospholipides appeared to be quite low (Fig. 
6). There was no significant difference in either the turnover or 
level of activity in the C-1 (a’) and C-2 (8) positions of the 
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Fic. 6. Incorporation of stearic acid-1-C" into various lipides 
of rat liver. The abbreviations represent the following: TRIG, 
triglycerides; CE, cholesterol esters; PHOS, phosphatidyl ino- 
sitol; PE, phosphatidyl ethanolamine; LEC, lecithin (phos- 
phatidyl choline); FA, fatty acids. The only labeled acid, as 
indicated by reversed phase chromatography, was stearic acid. 
See text for details. 
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lecithin. The level of activity of stearic acid in the phospho- 
lipides was quite low and only at 18 hours did it reach its highest 
value of nearly 8 per cent. The specific activity of the triglyc- 
eride and cholesterol ester stearic acid was even lower and reached 
a maximum of only 6 and 2 per cent of the specific activity of the 
stearic acid fed, respectively. 

There was little similarity between the results obtained in this 
study and the changes in specific activity of the glyceride and 
phospholipide fatty acids reported by Bergstrém et al. (1) after 
feeding C'-stearic acid under similar conditions. These workers 
reported the attainment of maximal specific activity in both the 
phospholipides and glycerides approximately 4 hours after feed- 
ing. However, they did find that the specific activity of stearic 
acid in the phospholipides remained quite high whereas that of 
the glycerides dropped to a relatively low level. The differences 
observed may be attributed to the fact that the rats used by 
Bergstrém and co-workers were fasted 12 hours before feeding 
and were not permitted to feed subsequent to the corn oil feeding. 

Relative Rate of Metabolism of Palmitic, Oleic, Linoleic, and 
Stearic Acid—Grossly, the metabolism of palmitic, oleic, linoleic, 
and stearic acid in the rat liver was similar. In every case the 
turnover of each acid was greater in the triglyceride than in any 
other fraction. The turnover in the phospholipides was some- 
what slower, with little variation between the different phospho- 
lipides studied. Cholesterol ester fatty acid turnover was either 
intermediate to that of the triglycerides and phospholipides or 
was equal to the turnover of the phospholipides. The generaliza- 
tions stated above hold for stearic acid; however, the turnover 
rate of stearic acid in all of the lipides was considerably slower 
than the turnover rate of palmitic, oleic, and linoleic acid which, 
in a given lipide, had turnover rates of the same order. The 
turnover rates of palmitic, stearic, and linoleic acid of the C-1 
(a’) and C-2 (8) positions of the lecithin showed little difference, 
but it is important to remember that the distribution of these 
acids between the two positions shows a pronounced positional 
asymmetry. Palmitic and stearic acid are found almost exclu- 
sively in the C-2 (8) position and linoleic acid in the C-1 (a’) 
position. Oleic acid, which is a minor component of this lecithin, 
was found distributed almost equally between the C-1 (a@’) and 
C-2 (8) positions; however, the turnover of the C-1 (a’) oleic 
acid is greater than the C-2 (8) oleic acid. 

Oleic acid of the C-1 (@’) and C-2 (8) positions of the lecithin 
also showed a marked difference in relative specific activity which 
is not accountable by the difference in turnover rate of the two 
positions. The relative specific activity of the C-2 (8) oleic acid 
is approximately twice that of the C-1 (a’) oleic acid throughout 
the period studied. Otherwise, the specific activity of oleic acid 
in the cholesterol ester, phosphatidyl] ethanolamine, and phos- 
phoinositide was of the same order of magnitude. With oleic, 
palmitic, and linoleic acid, the highest level of specific activity 
was reached in the triglyceride which was probably due to the 
high turnover of the triglyceride fatty acid. The level of specific 
activity reached in the individual phospholipides was essentially 
the same whereas the level reached by the cholesterol ester was 
somewhat lower. With palmitic acid, the level of activity 
reached in the cholesterol ester was equal to that reached in the 
triglyceride whereas the level reached by the phospholipide pal- 
mitic acid was somewhat less. Stearic acid showed a consider- 
able deviation in that the level of specific activity reached in 
either the triglycerides of cholesterol esters was considerably less 
than that reached in any of the phospholipides. The over-all 
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level of the relative specific activity of palmitic, oleic, and stearic 
acid were all of the same order and were all approximately one- 
third or less than that of linoleic acid. The possible significance 
of this was discussed in detail in the section dealing with the 
incorporation of linoleic acid in the liver lipides. 

In the liver the changes in phospholipide and neutral lipide 
content during the time studied were quite small. Further, over 
the time period studied there was little or no change in the ratio 
of the different phospholipides. Apparently, neither the amounts 
nor the fatty acid composition of the liver lipides was readily 
influenced by the diet; and therefore, the relative turnover rates 
observed are a direct reflection of the turnover of the fatty acids 
in the lipides studied. 


Conversions of Dietary Fatty Acids 


Palmitic Acid—The conversion of palmitic acid to stearic acid 
(2, 13, 16), palmitoleic acid (8, 13), oleic acid (12), and myristic 
acid (12, 14) have all been reperted to occur in the rat. Of these 
conversions, that of palmitic to myristic acid would not be de- 
tected with the carboxy-labeled palmitic acid used in these stud- 
ies. Of the other conversions noted above, the conversion of 
palmitic to stearic and oleic acid has been observed. Although 
there is some slight evidence for the conversion of palmitic to 
palmitoleic acid, the small amount of radioactivity isolated in 
the fraction containing the palmitoleic acid as well as the small 
amount of palmitoleic acid actually present did not permit a 
quantitative estimation. Mead (6) has shown that palmitoleic 
acid does not represent an important constituent of the rat lipide 
(4.5 per cent of the total fatty acid) when the rat is maintained 
on an adequate diet, whereas the lipides of rats maintained on a 
fat-deficient diet show a marked increase in palmitoleic acid con- 
tent (up to 11 per cent of the total fatty acid). In consideration 
of this observation and the fact that the rats used in the present 
experiments have been maintained on a standard chow diet, a 
sizable conversion of palmitic acid to palmitoleic acid is not to be 
expected. 

The evidence for the conversion of palmitic acid to stearic acid 
is based on the isolation of C-labeled stearic acid in liver lipides. 
The occurrence of labeled oleic acid in the liver lipides after 
feeding C'*-palmitic acid indicated that the conversion of pal- 
mitic acid to oleic acid occurred. On the basis of the location 
of the double bonds of naturally occurring palmitoleic and oleic 
acid, between carbons 9 and 10, it seems reasonable to assume 
that palmitic acid is converted to oleic acid by way of stearic 
acid which is acted on by a 9:10 dehydrogenase to produce 
oleic acid. Although conversion of palmitic acid to oleic acid 
has been reported previously (12), no attempt has been made to 
elucidate the steps involved. If the synthesis of oleic acid from 
palmitic acid proceeds by way of stearic acid, then it is to be 
expected that the stearic acid synthesized from palmitic acid 
will have a greater specific activity than the oleic acid derived 
from palmitic acid. As can be seen in Figs. 1-3, this is the case 
in all of the liver phospholipides, except the lecithin. It should 
be noted that the relative specific activity of the stearic acid and 
oleic acid in a given lipide may be dependent on other factors, 
among which is the preferential utilization of fatty acids from 
different sources. Consequently, a greater specific activity alone 
is not a sufficient criterion for the determination of a precursor- 
product relationship. 

Oleic acid—The conversion of oleic acid to stearic acid, which 
was reported to occur in mice, by Schoenheimer and Rittenberg 
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(11) and in rats by Mead (6), was not observed in the present 
experiments. Indeed, there was no evidence for the incorpora- 
tion of the carboxy C'*-label of oleic acid into any of the major 
fatty acids of the liver. However, it should not be assumed that 
because no conversion was observed here, the conversion does 
not occur in other tissues or may not occur when other fats are 
ingested. As discussed in the preceding section, palmitic acid is 
converted to oleic acid apparently by way of stearic acid. This 
implies that for purposes of maintaining the fatty acid composi- 
tion of the rat liver lipide, corn oil is deficient in oleic acid. If 
this is the case, conversion of oleic acid to stearic or any other 
acid would not be expected when corn oil is fed. On this basis, 
however, conversion of oleic acid to stearic acid would be expected 
to occur when an oil rich in oleic acid and relatively poor in both 
stearic and palmitic acid is fed. In this regard, it would be of 
interest to determine whether the conversion of oleic acid to 
stearic acid occurs after feeding olive oil. 

Linoleic Acid—The most fully studied conversion of any of the 
higher fatty acids is that of linoleic acid to arachidonic acid in 
the rat. Not only has the conversion per se been well demon- 
strated, but the steps involved in the conversion have been 
worked out on the basis of the ability of arachidonic acid to 
relieve essential fatty acid deficiencies (4) and in part through 
use of radioactive tracers (10). 

In the present study, the conversion of linoleic acid to arachi- 
donic acid, after feeding corn oil, was found to occur to a variable 
extent. The percentage of the total radioactivity of the various 
lipides isolated as arachidonic acid was found to be as high as 26 
per cent in the liver phosphatidyl ethanolamine 18 hours after 
feeding. The arachidonic acid derived from linoleic acid oc- 
curred in all of the different phospholipides studied and this is 
shown in Fig. 5. Although it may also be incorporated into the 
neutral lipides, the relatively small amount of arachidonic in the 
neutral lipides and the over-all low specific activity of the arachi- 
donic acid precluded its detection. 

Stearic Acid—The conversion of stearic acid to oleic acid has 
been reported by Schoenheimer and Rittenberg (11) on the basis 
of studies with deuterium-labeled fatty acids, and, Mead and 
Howton (8) obtained evidence for this conversion in the rat on 
the basis of the specific activities of stearic and oleic acid formed 
from C-acetate (derived from a-linoleic acid). The conversion 
of stearic acid to palmitic acid, which has been reported by 
Schoenheimer and Rittenberg (12), Weinman et al. (15) and 
Stevens and Chaikoff (14), would probably not be detected using 
a carboxy-labeled stearic acid. 

As determined by the absence of C'-labeled oleic acid in the 
liver lipides after feeding stearic acid-1-C™ in corn oil, there was 
no conversion of stearic acid to oleic acid. Whether or not the 
conversion can be detected in other tissues has not been ascer- 
tained. The possibility that the conversion of stearic to oleic 
occurs as a step in the conversion of palmitic to oleic acid has 
been discussed above. The fact that ingested stearic acid is not 
converted to oleic acid is not necessarily inconsistent with this 
sequence for the synthesis of oleic acid from palmitic acid. It is 
possible that ingested stearic acid is metabolized by a completely 
different route than stearic acid synthesized from palmitic acid. 
Clearly, further work is needed to establish the steps involved in 
the synthesis of oleic acid from palmitic acid and to elucidate 
possible differences in the metabolism of stearic acid which are 
dependent on the source. 
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CONCLUSIONS 


This study falls far short of presenting a complete picture of the 
metabolism of ingested long chain fatty acids and must be con- 
sidered mainly as a guide for the determination of areas which 
warrant more detailed study. In this respect, it seems especially 
appropriate to illustrate some of these areas. 

It might be noted that one of the most striking features is the 
great variation in fatty acid composition of the different lipides 
and that it is this diversity which represents the most significant 
difference in the pathway of metabolism of different fatty acids. 
The pronounced positional asymmetry of the fatty acids of the 
lecithin molecule of the liver indicates that the difference in 
fatty acid composition extends beyond that observed with the 
whole lipides. Consequently, the final elucidation of the path- 
ways of metabolism of the different fatty acids will require the 
separation and study of the fatty acids of the different positions 
of the phosphatidyl ethanolamine, and phosphoinositide and 
other lipide components. 

Perhaps one of the more difficult questions is why certain 
lipides seem to be involved principally with the metabolism of 
specific fatty acids. When this question is answered no doubt 
the answer will be obtained to the much larger question of the 
role of various lipides in the over-all metabolism of the body. 
Pursuant to this point it is important to emphasize certain facets 
of this argument. First of all, the mere fact that all these di- 
verse forms of lipides are isolated together does not mean a 
priori that they are interrelated on a metabolic scale. Although 
it is provocative to consider that they are so involved, and this 
obviously is a possibility, each lipide might well be involved in 
quite different reactions. Hence, mere mutual solubility prop- 
erties do not define the role or function of these compounds. 
In a continuation of the argument regarding the metabolic 
asymmetry or reactivity of the fatty acid esters, 7.e. the lecithin 
molecule, it is necessary to consider the possible species of leci- 
thins involved in a particular reaction. For purposes of illustra- 
tion the following partial formulas for lecithins containing a 
saturated fatty acid (R,) and three different unsaturated fatty 
acids (Ri, Re, and R3) are shown: 
CH:OCORi CH:OCOR: 


HOCOR, HOCOR, 
O O 


CH:.OCOR; 
bnocor. 
O 


: oR C2 
ea H.:OPO—choline H:OPO—choline 


| 
OH OH OH 
I II III 


There is at least the equal possibility that each one of these 
lecithins (I, II, or III) may be associated with a specifically dif- 
ferent reaction or function. This same reasoning can be applied 
to the triglycerides as well as the other phospholipides. As is 
obvious, it would be necessary for a more explicit understanding 
of lipide metabolism that these individual species be isolated and 
identified as such. 

In the present study only small differences have been noted in 
the metabolism of the different fatty acids in the lipides of the 
liver outside of the peculiar distribution of the fatty acids be- 
tween these lipides. The exact mechanism involved in the ad- 


justment of the metabolism of these lipides to a diet, which is 
high in one particular fatty acid, has yet to be fully resolved. 
It should, however, be resolved without great difficulty by study- 
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ing the effect of oils of different composition on the incorporation 
of the various acids into the liver lipides. In this respect, the 
study should be expanded to include the depot fat, the most 
probable source of fatty acid needed to maintain the proper ratio 
of fatty acids in the liver. Also, the conversion of fatty acids is 
probably closely associated with this problem and the effect of 
feeding oils of different fatty acid composition on the occurrence 
of particular conversions is of considerable interest. 

The great preoccupation of most workers in the past with the 
formation and metabolism of the essential fatty acids has led to 
neglect of the metabolism and interconversion of the nonessential 
fatty acids. The deviations observed in the metabolism of 
stearic acid as compared with the other acids studied here war- 
rants a more detailed study. It should be remembered that the 
term nonessential as applied to stearic, palmitic, and oleic acids 
refers only to the capability of the animal to synthesize these 
acids from acetate. It is probable that with respect to lipide 
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metabolism they are just as essential as the polyunsaturated 
fatty acids and are, therefore, of comparable interest. Also, the 
mechanism of the interconversion of these acids has been gener- 
ally a neglected field. 


SUMMARY 


After oral feeding of palmitic acid-1-C", oleic acid-1-C", lino- 
leic acid-1-C", and stearic acid-1-C™ in corn oil to adult rats, a 
study was made of the incorporation and distribution of these 
individual fatty acids at 4, 6, 10, and 18 hours into the major 
lipide components of the liver. The conversion of these fatty 
acids to other fatty acids has been observed and related to the 
general metabolic pathways of the ingested fatty acids. The 
pathway of the individual fatty acids was found to be complex 
and, although similar, not necessarily the same. 

The relation of these results to the occurrence of species of 
lipides of different metabolic reactivity is discussed. 
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The glycolipides of the brain have attracted increasing interest 
during recent years. In addition to the cerebrosides (1), Blix (2), 
Klenk (8), Folch et al. (4), and Radin et al. (5), for example, 
have described several brain lipide fractions containing galactose, 
which differ in their chemical composition, distribution between 
gray and white matter, time of deposition in the brains of young 
animals, and turnover rates. 

The metabolism of galactose in liver and red cells has been 
clarified by the studies of Leloir (6) and of Anderson et al. (7) 
who have described the mechanisms involved in the interconver- 
sion of glucose and galactose. Recent work of Burton et al. (8) 
and of Cleland and Kennedy (9) has indicated that uridine 
nucleotides are implicated in the synthesis of such galactose- 
containing substances as brain cerebrosides. 

In the experiments to be reported we have studied the forma- 
tion in vivo of two types of glycolipide: brain cerebrosides and 
gangliosides. In addition, data have been obtained on the syn- 
thesis of cholesterol and total fatty acids. Particular emphasis 
has been placed on the variation of incorporation of radioactive 
glucose carbon into brain lipides with the age of the animal. 
Furthermore, the use of specifically labeled hexoses as precursors 
has permitted some conclusions concerning the biosynthesis of 
each of these fractions. 


EXPERIMENTAL 


Three main series of experiments will be discussed: 

1. A study was made of the variation of the specific activities 
of brain-lipide fractions with the age of mice after administration 
of a dose of uniformly labeled glucose standardized according to 
the body weight of the animal. Animals varying in age from 3 
days (weight approximately 2 gm.) to over 6 months (weight 40 
gm.) were used. The number of animals in each group was 
chosen to provide sufficient brain lipide for study, and ranged 
from 12 in the case of the youngest animals to three in the case 
of the oldest. 

2. An investigation was made of the distribution of activity 
in the sugar moieties of brain cerebrosides and gangliosides after 
the injection of glucose-6-C". In these studies, pooled samples 


* This work was supported in part by a contract with the Atomic 
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through Harvard University. 
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of the brains of 70 mice between 15 and 18 days of age were 
employed. 

3. A comparison was made of the incorporation of galactose 
and glucose carbon into brain-lipide carbon. Glucose-1-C™ and 
galactose-1-C™ were used, and doses were selected so that each 
animal received approximately the same amount of radioactivity 
and exactly the same quantity of hexose per gm. of body weight. 
Animals 22 days of age were used for this experiment. The 
two groups of animals comprised 12 individuals. 

The animal used in all experiments was the Swiss Albino mouse, 
raised in the animal farm of Harvard Medical School. The litter 
size was usually eight and animals were weaned at 22 days of 
age. The intraperitoneal route was used for the administration 
of the isotopically labeled sugars. Specially prepared 30-gauge 
hypodermic needles were used and the skin over the injection 
site was shaven. The injection site was pinched with forceps 
for 4 minute and coated with a fine film of collodion after in- 
jection. These precautions were found necessary in order to 
prevent leakage of the administered solution from the injection 
sites in very young mice. 

The mice were kept in separate containers after injection, and 
not fed. Preliminary experiments had shown that after a single 
injection of radioactive glucose the specific activity of total brain 
lipides 1 hour after injection was 90 per cent of that found after 
2 or 3 hours, at which times a plateau representing maximal in- 
corporation had been achieved. The level of activity in the 
total lipide later dropped off very slowly. In the case of cere- 
broside galactose, the specific activity 1 hour after injection had 
reached a maximum which was maintained for several hours. 
Since, in experiments in which specifically labeled glucose was 
used, we desired to minimize randomization of the label of the 
precursor, a 1-hour interval was selected as being the optimal 
period between time of injection and decapitation. 

Doses were adjusted throughout so that each animal received 
0.1 mg. of hexose per gm. of body weight. It was our aim to 
adjust dosage in such a manner that for animals of each age group 
the specific activity of the glucose fraction actually being used for 
brain-lipide synthesis was identical. An attempt to estimate 
the extent to which this ideal was approximated was made in a 
separate series of experiments by measuring the specific activity 
of blood glucose in animals of varying ages after administration 
of a standard dose of uniformly labeled glucose (see “Results’’). 

Radioactive Sugars—Radioactive glucose and galactose labeled 
in carbon-1 were obtained through the courtesy of Dr. H. Isbell, 
National Bureau of Standards. Uniformly labeled glucose was 
obtained from Nuclear Chemical and Instrument Corporation, 
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Chicago. These sugars were stated to have a specific activity 
of approximately 2 we. per mg. and the assay was verified ex- 
perimentally in each instance. 

Extraction and Purification of Brain Lipides—The animals 
were killed by decapitation. The brain, including pons and 
cerebellum, was removed in toto and homogenized in 20 volumes 
of a 2:1 (volume for volume) mixture of chloroform and metha- 
nol (10). Glass homogenizers with conical tips were used. The 
time between decapitation and homogenization of the brain 
usually did not exceed 2 minutes. 

The method of Folch et al. (10) was used for purification of 
brain lipides. As described in their publication, the lipide ex- 
tract was washed once with distilled water, and after that with 
calcium chloride-containing “theoretical upper phase.” In order 
to be certain that all nonlipide glucose was removed, we repeated 
the latter washing four times. Svennerholm (11) and Folch et 
al. (10) have shown that the upper phases obtained during this 
washing procedure contain “strandin’” or “gangliosides” ! 
whereas cerebrosides and sulfatides remain in the lower phase. 
Thus in these experiments both the upper and lower phases ob- 
tained during the washing procedure were retained and worked 
up. 

The washed lower phase was taken to dryness to cleave pro- 
teolipides (10) and extracted with small quantities of chloroform- 
methanol; a small quantity of chloroform-methanol insoluble 
material was separated off by centrifugation and discarded. The 
material soluble in chloroform-methanol was made up to a meas- 
ured volume, and an aliquot of this solution was utilized for 
determination of total lipide specific activity. 

Isolation of Cerebroside Hexoses—The major portion of the 
thoroughly washed total lipide extract was subjected to acid 
hydrolysis with H.SO, under the conditions described by Sven- 
nerholm (11). The hydrolysate was filtered through Whatman 
No. 1 paper. The hexose content of the filtrate was measured 
on an aliquot with Svennerholm’s orcinol method (11). Since 
most cerebroside hexose is presumed to be galactose a measured 
quantity of carrier galactose was added. The sample was neu- 
tralized by treatment with BaCO;. The 2,5-dichlorophenyl- 
hydrazone was prepared by the method of Mandl and Neuberg 
(14). The derivative was washed twice with water and recrys- 
tallized from methanol. 

In one experiment in which the lipide extracts from 70 mouse 
brains were pooled, the cerebroside hexose was further purified by 
preparative paper chromatography. This was done to measure 
separately the total radioactivity contained in the galactose and 
any glucose of the hydrolysate of the cerebroside. Since it was 
anticipated that the major portion of the cerebroside hexose 
would be galactose, a quantity of carrier glucose equal to the 
total hexose content of the hydrolysate was added. The extract 
was applied to large sheets of Whatman No. 1 paper. Small 
amounts of glucose and galactose standards were applied to both 
margins of the paper. A mixture of butanol, pyridine, and water 
as described by Chargaff et al. (15) was used to develop the 
chromatogram. After air-drying the chromatogram, the margi- 
nal strips representing the glucose and galactose standards were 
cut from the sheet, and these sugars were located by spraying 
the paper with aniline hydrogen oxalate (16). The areas on the 


1 The terms “‘strandin’’ and ‘“‘ganglioside’’ will be used inter- 
changeably throughout this paper. The preparation used pre- 


sumably comprises several different components (12) including 
polycerebrosides which do not contain sialic acid (13). 





H. W. Moser and M. L. Karnovsky 


1991 


chromatogram representing the galactose and glucose of the hy- 
drolysate were cut out and eluted. The hexose content and 
radioactivity of the glucose and galactose eluates were deter- 
mined. The phenylosazones of the separated sugars were pre- 
pared, recrystallized, and degraded. As a check, the 2,5-di- 
chlorophenylhydrazone of the original cerebroside hexose was 
also prepared, purified, and degraded. 

Cholesterol and Fatty Acids—The specific activities of choles- 
terol and total fatty acids were determined as follows. The 
acid insoluble material remaining on the filter after acid hydroly- 
sis of the total lipide extract (see above) was dissolved in chloro- 
form-methanol (2:1, volume for volume). It was purified by 
adding to it a volume of water } that of the total volume. This 
was followed by equilibration and centrifugation. The upper 
phase was discarded. The lower phase was evaporated to dry- 
ness, the residue dissolved in ethyl ether, and 0.5 n NaOH solu- 
tion was added. After thorough mixing the aqueous and ether 
phases were allowed to separate. The cholesterol contained in 
the ether phase was precipitated as the digitonide with the tech- 
nique of Dam (17), modified in scale. The specific activity of 
this precipitate was determined. The resulting value was multi- 
plied by 4.13 to yield the specific activity of cholesterol (17). 
The results were checked by cleaving the digitonide in pyridine 
(18), and plating the isolated cholesterol directly. The aqueous 
alkaline phase was acidified with HCl, fatty acids were re-ex- 
tracted with ethyl ether, and their specific activity was deter- 
mined. 

Brain Gangliosides (Strandin)—Brain gangliosides were iso- 
lated from the combined wash solutions of the original total 
lipide extracts (see above) as follows. The solvents were re- 
moved with vacuum distillation at temperatures not exceeding 
50°. The residue was transferred to a dialysis bag with distilled 
water and dialyzed against running cold water for 5 days. The 
contents of the bag were freeze-dried, and a small quantity of 
light yellow, fluffy material, readily soluble in water, was ob- 
tained. The specific activity of,this material was measured. 

The carbohydrate components of two strandin fractions, each 
approximately 50 mg., were isolated after hydrolysis, essentially 
by the method of Bogoch (19) as described below. Strandin 
Sample 1 represented the materials from 70 mice 15 to 18 days 
old in which glucose-6-C" had been the precursor. Sample 2 
represented the pooled samples of 70 mouse brains varying in 
age from 3 days to 6 months in which uniformly labeled glucose 
had been used as the precursor. 

The initial step was hydrolysis with 1 n HCl in a sealed glass 
tube in boiling water for 16 hours. A jet black, insoluble ma- 
terial, presumably representing a degradation product of neura- 
minic acid, was formed. This humin was removed by filtration. 
The filtered, initial strandin hydrolysate, 15 cc. in volume, was 
applied to a Dowex 50 resin column, and the directions of Boas 
(20) were followed, but on a 6-fold scale. The eluate from the 
column was collected, and to this were added eluates obtained 
by washing the column with water. Preliminary experiments 
had shown that this fraction contained all of the neutral sugars 
and none of the hexosamine. The hexosamine was collected by 
washing the column with 2 nN HCl. This solution was concen- 
trated in a vacuum on a rotary evaporator and HCl removed by 
placing the concentrates in a vacuum desiccator over solid NaOH. 
The galactosamine derivative, a condensation product with 2- 
hydroxy-1-naphthaldehyde, was made and purified according to 
Jolles and Morgan (21). 
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Fig. 1. Specific activity of total brain lipide (X), brain lipide fatty acids (@) and brain gangliosides (©) of animals of varying 


ages, one hour after injection of glucose-C". 
body weight administered. 


The neutral sugar fraction was subjected to additional hy- 
drolysis with 2 N HCl for 5 hours in a sealed glass tube in boiling 
water. This step was included since Bogoch (19) had found that 
after the initial hydrolysis the product still contained a significant 
quantity of oligosaccharides. After the second hydrolysis, the 
solution was concentrated and HCl removed as described above 
for the hexosamine fraction. The glucose and galactose were 
separated by paper chromatography and their specific activities 
determined in a manner similar to that used for cerebroside 
hexoses (see above). 

Degradation of Sugars—The phenylosazones and 2, 5-dichloro- 
phenylhydrazones of glucose and galactose were degraded with 
periodate, and fragments were isolated as previously described 
(22). The galactosamine derivative mentioned above was also 
subjected to periodate oxidation under similar conditions. 
Formaldehyde was distilled from the reaction mixture and the 
dimedone derivative made. This was recrystallized to constant 
activity, and the melting point was found to be identical with 
that of authentic formaldimedone. Formic acid was also re- 
covered from the reaction mixture and was found to contain 
some activity. The results are not given since there is ambiguity 
as to which galactosamine carbons are represented by formic 
acid. 

Measurement of Radioactivity—The activity of all samples of 
various substances was determined in a gas-flow counter in the 
proportional range (22) as has been previously described (24). 


RESULTS 


Specific activities of various lipide fractions have been related 
to the age of the mice used and are shown in Figs. 1 and 2. For 
“total lipide” (Fig. 1) there is only slight variability as a function 
of age. It may be noted, however, that the value for the oldest 
animals is approximately } to 4 that of the younger animals. 
A finding of interest was that the specific activity of strandin 
was very similar to that of total lipide and showed a similar 
variation with age. The specific activity of total fatty acid was 
about 3 that of total lipide and showed a similar pattern of varia- 
tion as the animals grew older. The specific activity of choles- 
terol and of cerebroside galactose (Fig. 2) showed a greater 
decline with increasing age than the lipide moieties mentioned 
previously. Thus for cholesterol, the specific activity in the 
older animals was about +, of that observed in the younger ones. 
Furthermore, in the case of cholesterol, a peculiar biphasic phe- 


Results are calculated as c.p.m. and mg., normalized to 1 X 105 ¢.p.m. and per gm. 


nomenon was observed, with a trough at about 16 days and a 
secondary peak at 22 days. Cerebroside galactose specific ac- 
tivity showed by far the greatest decline with age. Here the 
peak values, which refer to the 7- and 8-day old animals, exceed 
those in the adult animal by a factor of 50. 

Also in Fig. 2 are indicated the specific activity values of 
blood glucose at 1 hour after injection in various groups of ani- 
mals. These measurements were made in separate experiments 
from those in which the lipides were isolated, and demonstrate 
that administration of a standard dose of glucose per gm. of 
body weight results in comparable specific activities for the blood 
glucose of animals of varying size and weight. It may be seen 
that the specific activity of blood glucose even at the end of an 
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Fig. 2. Specific activity of brain cerebroside galactose (X) and 
cholesterol (©) of animals of various ages 1 hour after injection 
of glucose-C'*. The specific activity of blood glucose is also given 
in some cases (@). Results are calculated as c.p.m. and mg., 
normalized to 1 X 105 ¢.p.m. and per gm. body weight adminis- 
tered. 














Fy 


sents 
into 
] 1X 


hour 
tion. 

Al 
of th 
activ 
total 
from 
Was ¢ 
nent 
the p 
galac 
and « 
in 1] 
(25) 
incor 
brain 

Th 
total 
that 
cente 
simils 
of ac 
at 22 
entire 
age: t 
show: 
the p 
thesis 
strani 
porta: 
20 da 
choles 
16 da 

Cor 
brosid 
ples f 
70 an 











180 


and 
tion 
iven 
_— 
inis- 














August 1959 














H.W. Moser and M. L. Karnovsky 





1993 


Ps 


150 








500(— 1000 - 
— 
400 800} 
300 600 + 
o o 
= a 
200 400 
100 200 
fe) L l | | l { Oo 
0 20 40 1} 180 re) 20 


DAYS 


Fic. 3. Biosynthesis of cerebrosides as a function of age. 
sents the accumulation of cerebroside galactose per brain. 
into cerebroside galactose per brain. 
1 X 10° ¢.p.m. and per gm. body weight administered. 


hour, greatly exceeds that of the most active brain lipide frac- 
tion. 

All the data discussed so far have referred to specific activity 
of the lipide fractions. Perhaps of greater interest is the total 
activity of the lipide fractions, since this would be a measure of 
total synthesis of the lipide component during the time period 
from injection to decapitation. The total activity per brain 
was obtained by multiplying the specific activity of the compo- 
nent by the quantity of the component per mouse brain. In 
the present work the quantities of total lipide and of cerebroside 
galactose per brain were determined. The figures for strandin 
and cholesterol used in expressing total incorporation of activity 
in 1 hour have been estimated from the extensive data of Folch 
(25) who used the same strain of mouse. The data for total 
incorporation of activity into various components per mouse 
brain are given in Figs. 3 and 4. 

The most striking data are those of Fig. 3 with respect to the 
total synthesis of cerebroside galactose. It is of interest to note 
that the age curve for accumulation of this moiety (Fig. 3B, 
center) measured by the method of Svennerholm (11) is very 
similar to that reported by Folch (25). The total incorporation 
of activity into cerebroside galactose shows a very sharp peak 
at 22 days of age (Fig. 3C, right). The total activity of the 
entire lipide (Fig. 4) shows a somewhat different variation with 
age: the peak at 22 days is not as striking, and the adult animal 
shows a relatively greater rate of synthesis (in comparison with 
the peak value) than is the case for cerebroside galactose syn- 
thesis. The curve for total incorporation of activity into 
strandin parallels that for total lipide. The significance or im- 
portance of the fluctuation in these curves between about 10 and 
20 days of age cannot be assessed presently. In the case of 
cholesterol the curve is more clearly biphasic, with a trough at 
16 days and an increased value again at 22 days of age. 

Comparison of Specific Activities of Strandin Sugars and Cere- 
broside Galactose—These studies were carried out on pooled sam- 
ples from two groups of mice: (a) the samples representing the 
70 animals 15 to 18 days of age in which glucose-6-C™ had been 


A (left), the increase in brain weight is shown. 
C (right) indicates the total incorporation of glucose-C™ carbon 
Isotope results are expressed as c.p.m. in cerebroside galactose, per brain, normalized to 
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Fic. 4. Total incorporation of glucose carbon into total brain 
lipides (X), gangliosides (@) and cholesterol (A) 1 hour after 
injection. 

Results expressed as total c.p.m. in each lipide moiety per brain, 
normalized to 1 X 105 c.p.m. and per gm. body weight adminis- 
tered. 


used as the radioactive precursor; and (b) a pooled sample repre- 
senting approximately 50 animals which had received glucose- 
U-C", varying from 3 days of age to over 6 months. Our effort 


was directed to measuring the specific activities of the carbohy- 
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Specific activity* of cerebroside galactose and strandin hexoses after 
administration of labeled glucose 
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Experiment 1 Experiment 2 





Glucose-6-C!4 > 











Ratio* | Glucose-U-c¥ 4) Ratio‘ 


c.p.m./pmole | | c.p.m./pmole 

Cerebroside galactose. . 62.0 | 5.4 

Strandin | 
galactose....... ..-| 38.8 3.3 38.0 | 3.1 
galactosamine........ 15.8 | 1.4 17.6 | 1.5 
ere | 11.5 1.0 | 12.1 | 1.0 





@ All data are standardized to 1 X 10° c.p.m. given per gm. body 
weight. 

* Data for animals 15 to 18 days old. 

¢ Values for strandin glucose set at unity. 

4 Data obtained from pooled strandin of animals 3 days to 180 
days of age. 


drate components of strandin. In Table I the specific activities 
of strandin galactose, glucose, and galactosamine in both sam- 
ples are indicated. Only the specific activities in Sample 1 
(representing the animals 15 to 18 days old) can be compared 
with that of cerebroside galactose, since Sample 2 represents 
a mixed pool of animals of greatly varying ages, where both 
strandin and cerebroside galactose specific activity varied greatly. 
It is to be noted that for the 15- to 18-day old animals the specific 
activity of cerebroside galactose exceeded that of any of the 
strandin carbohydrate components. Furthermore, there are 
striking differences among the specific activities of individual 
strandin sugars. It may be noted that the ratios between spe- 
cific activities of the different sugars of each sample varied only 
slightly in the two products. Thus the specific activity of 
strandin galactose is approximately 3.2 times that of the glucose 
and that of the galactosamine approximately 1.4 times that of 
the glucose. 

Patterns of Labeling of Cerebroside and Strandin Sugars—In 
the experiment in which glucose-6-C™ was used, the brain cere- 
broside was hydrolyzed as described above, carrier glucose was 
added, and glucose and galactose were separated by paper chro- 
matography. Of the recovered radioactivity, 13 per cent was 
recovered as glucose, and 87 per cent in the galactose fraction. 
Although this result could conceivably have been caused by 
contamination of the glucose fraction with the more active galac- 
tose fraction, this is not believed to have been the case, since 
the separation of galactose and glucose in the chromatographic 
system used was shown to be very satisfactory in several runs. 

Table II shows the distribution of radioactivity in the carbon 
skeletons of various sugar moieties. It is seen that virtually all 
of the radioactivity of cerebroside galactose has remained in 
carbon-6. Degradation of the 2,5-dichlorophenylhydrazone of 
the total cerebroside hexose gave the same result. By contrast, 
in liver glycogen, 1 hour after injection of the isotope, the activity 
of carbon-6 only slightly exceeds that of carbons C-1 + 2 + 3. 
For blood glucose the specific activity of carbon-6 clearly exceeds 
that in the other carbons, but there is a significant amount of 
activity in C-1 + 2 + 3. 

The strandin sugars isolated from the experiment in which 
carbon-6-labeled glucose was injected were also partially de- 
graded in order to determine the distribution of radioactivity 
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within the carbon skeleton (Table II). It is notable that for 
strandin glucose virtually all of the radioactivity was recovered 
in carbon-6. For strandin galactose, in contrast to cerebroside 
galactose, there is a significant portion of radioactivity in carbons 
1 +2. For strandin galactosamine, the degradation procedure 
was technically not as satisfactory as for the other carbohydrate 
fractions, but it would seem that there was also a significant 
amount of radioactivity in carbons other than carbon-6. 

Glucose and Galactose Compared as Precursors of Brain Lipides 
—In this experiment similar amounts of glucose-1-C™ and galac- 
tose-1-C' were the radioactive precursors. The specific activi- 
ties of lipide fractions 1 hour after injection of isotope are shown 
in Table III. It is noted that for all the lipide fractions other 
than strandin, but including cerebroside galactose, the use of 
glucose gave products with a higher specific activity than were 
obtained after injecting galactose. In the case of cholesterol, the 
level of radioactivity was low, so that the difference between the 
ratio for cholesterol (last column, Table IIT) and that obtained 
for total lipide cerebroside galactose and fatty acid is probably 
not significant. On the other hand, in the case of strandin the 
results were different in that injection of C'-galactose yielded 
strandin of higher activity than did injection of C™-glucose. 
Unfortunately the samples in this experiment were not large 
enough to permit fractionation of the strandin. 


TaB_e II 
Distribution of activity among the carbons of blood glucose, liver 
glycogen, cerebroside galactose, and strandin hexoses after 
administration of glucose-6-C'4+ 














| | | | Total 
Tissue Substance Cristea | Cre | Cass | Cosegs Ce | re- 
| — 
Blood | Glucose | 14.3 | | | 80.3 | 94.6 
Liver | Glyeogen-glu- | 42.0 | 57.5 | 99.5 
|  eose | | | 
Brain | Cerebroside 6.0 | | 5.0 | 94.1 | 105.1 
| galactose 
| Strandin  ga- | | 19.4 | | 1.8 | 82.4 | 103.6 
| lactose | | | 
| Strandin ga- | | | | | 61.5 | 
| lactosamine? | | 
| Strandin glu- | 1.8) pm. 2 | 04.0 
cose | 


! | | 





2 Results expressed as a percentage of total activity of sugar 
derivative (see ‘‘Experimental’’). 
6 Only carbon-6 was obtained unequivocally. 


TaB_e III 


Comparison of glucose and galactose as precursors of 
brain-lipide fractions* 














Precursor 
Ratio, a/b 

| a. Glucose-1-C¥| b. Galactose-1-C™ 

| | 
Total lipide............ ae ” 1.6 
Fatty acids............ 81 1.8 
Cholesterol . peels 25 2.2 
Cerebroside galactose... 656 1.9 
OS SE eee 191 | a 0.7 





@ Results expressed as ¢c.p.m. per mg. standardized to 1 X 105 
c.p.m. administered per gm. body weight. 
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DISCUSSION 


Effect of Age on Incorporation of Glucose Carbon into Brain- 
Lipide Fractions—It is shown in Figs. 1 and 2 that the specific 
activities of brain-lipide fractions, even the most active one 
(cerebroside galactose), are quite low, that is, usually less than 
rho of the blood glucose specific activity at 1 hour after intra- 
peritoneal injection of the labeled substrate. In contrast the 
specific activity of liver glycogen was of the same order of mag- 
nitude as that of blood glucose. Thus even at the ages where 
brain lipides are being synthesized most rapidly, incorporation of 
glucose carbon into brain lipides occurs at a rate that is relatively 
slow compared with exchange and net synthetic processes for 
liver glycogen. 

The variation of specific activity with age, for the lipide frac- 
tions analyzed (Figs. 1 and 2), shows three general patterns. 
The first applies to total lipides, total fatty acids, and strandin 
and exhibits only slight changes with age. The second is ex- 
emplified by cerebroside galactose (which includes sulfatides) in 
which there is a continuous precipitous decline in specific activity 
as the animals grow older. The third pattern is that shown by 
cholesterol, which is intermediate and in which some fluctuations 
are notable. 

In part the great decline in specific activity observed for cere- 
broside galactose might be a reflection of the great increase in 
cerebroside content of the brain during maturation. The maxi- 
mal total incorporation of glucose carbon into cerebroside galac- 
tose occurred sharply at 22 days (Fig. 3), a time which coincides 
closely with the age at which Folch (25) observed that the cere- 
broside galactose content of mouse brain is increasing most 
rapidly. Of great interest is the fact that in the adult animal 
there is still significant incorporation of glucose carbon into 
cerebroside galactose. Indeed, the incorporation of activity into 
this fraction by 6-month-old mice was about } as rapid as in 
young animals. 

A further correlation between the analytical data of Folch (25) 
and the isotopic data presented here may be made in the case of 
brain cholesterol. Inspection of the curves for the variation of 
cholesterol specific activity and total activity with age reveals 
that they have a biphasic appearance, the values at 16 days 
being lower than at 10 or 22 days. The data of Folch (25) show 
that in the 16-day-old mouse the cholesterol content of brain is 
increasing more slowly than in the days immediately preceding 
and following this time. The data in the present work indicate 
that less brain cholesterol is synthesized in 1 hour from glucose 
carbon by 16-day-old mice than by younger or older animals. 
This finding must, at the moment, be interpreted with caution. 
It may be noted in Fig. 2 that even though a standard dose of 
glucose was administered per gm. of body weight, there is an 
indication that the specific activity curve for blood glucose ex- 
hibits a decline at about 19 to 20 days. Thus the pronounced 
dip in the curves for cholesterol] cannot be ascribed unequivocally 
to changes in the maturation processes of the nervous system, 
but may result from changes in the over-all metabolic status of 
the animal. 

The comparative rate of brain lipide synthesis in young and 
mature animals has been the subject of a number of investiga- 
tions. Fries et al. (26) found that incorporation of intraperi- 


toneally administered P®-orthophosphate into brain lipides was 
much more rapid in very young rats than in mature animals. 
These findings should be interpreted in the light of other obser- 
vations. 


For example, Bakay (27) found that the penetration 
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of P®-orthophosphate into brain is much less rapid in adult 
animals than in young ones. Further, Dawson (28), using phos- 
phate-P* given intraperitoneally, observed that when the specific 
activity of brain-lipide phosphorus was compared with that of 
the acid-soluble phosphorus fraction of brain (rather than of 
blood), the ratio of specific activities obtained was 50 to 70 per 
cent as high in adult mice as in young mice. Somewhat similar 
results have been obtained when the incorporation of radioac- 
tivity into brain cholesterol was determined following the intra- 
peritoneal and intracerebral injection of acetate-C™ in adult 
rats. Whereas the activity in brain cholesterol following intra- 
peritoneal injection was very low indeed (29, 30) a very signifi- 
cant incorporation was noted following intracerebral injection 
(30). 

It is thus likely that failure of acetate or orthophosphate to 
enter the brain from the circulation at a rapid rate may lead to 
misleading conclusions concerning the synthesis of lipides in the 
brain of the adult, intact animal when these precursors are used. 

The problem of fatty acid and cholesterol synthesis in the 
brains of young and mature rats was studied in detail by Waelsch 
et al. (31), with deuterium oxide as the labeling agent. In this 
case penetration across the blood-brain barrier presents no prob- 
lem and indeed significant incorporation into fatty acids was 
demonstrable in the brains of both groups of animals. On the 
other hand, although a significant amount of deuterium was 
present in the brain cholesterol of young animals, incorporation 
in the case of mature animals reached only } that level and was 
of questionable significance. 

It is likely that the use of glucose of high specific activity 
could provide information on brain lipide synthesis in intact 
mature animals since penetration of this substance into brain is 
rapid. Our results indicate that, whereas the specific activity 
of myelin lipides of brain, such as cholesterol and cerebroside 
galactose, was low in mature animals, total activity incorporated 
was significant, indicating that turnover of these lipides in the 
adult brain occurs at a significant rate. 

Studies on Brain Gangliosides (Strandin)—When the specific 
activities of strandin glucose, galactose, and galactosamine were 
compared in two experiments (Table 1), these were found not 
to be identical, and furthermore, there appeared to be a consist- 
ent ratio between their specific activities. This is perhaps re- 
markable in view of the fact that the two samples of strandin 
studied were prepared from the brains of animals of widely 
divergent ages. For the one sample of strandin where compari- 
son was possible, cerebroside galactose had a considerably higher 
specific activity than strandin galactose (Table I). It is tempt- 
ing to speculate on the relative rates of turnover of the various 
strandin sugars, and upon the possible precursor-product rela- 
tionships among the components of strandin and the cerebrosides 
(13, 32). However, it is doubtful whether this would be justified 
on the basis of our limited understanding of the complex sub- 
stances in the present preparation (10, 12) and the finding that 
the composition of such a preparation with respect to ganglio- 
sides and neuraminic acid-poor polycerebrosides has been re- 
ported to vary with the age of the animal (13). 

Studies with Glucose-6-C'\—The data on the distribution of 
radioactivity within the carbon skeleton after administration of 
glucose labeled with C™ specifically in position 6 are included in 
Table II. A striking finding is that in liver glycogen, 1 hour 
after administration of this specifically labeled glucose, the radio- 
active carbon was distributed almost equally between carbons 
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1 + 2 + 3 and carbon 6; this result is an indication of the rapid 
metabolism which had occurred in the liver. On the other hand, 
for blood glucose, a much larger percentage of radioactivity was 
still recovered in carbon-6. This finding indicates that exchange 
between blood glucose and liver glycogen, in our experiments, 
was not yet complete, and considerable randomization of label 
occurred in the liver. 

For cerebroside galactose the results are quite unequivocal. 
There is only very little radioactivity in portions of the molecule 
other than carbon-6. In fact, at 1 hour after injection of the 
glucose labeled in position 6, there has been less randomization 
of label in cerebroside galactose than in blood glucose. This 
finding is probably because during the first few minutes after 
injection of the isotope virtually all the radioactivity in blood 
glucose must have been present in carbon-6, and it is this un- 
randomized, highly active glucose, as well as the slightly ran- 
domized, less active blood glucose, present just before killing, 
which is the precursor of cerebroside galactose. It should be 
further pointed out that in these small animals an amount of 
glucose was injected which was approximately equal to the total 
blood glucose. The effect of the size of the dose administered 
on the labeling patterns is not known but might be of significance 
in studies such as these. 

Leloir (6) and Anderson et al. (7) have shown that the inter- 
conversion of glucose and galactose can be accomplished in red 
cell and liver when glucose-1-phosphate has reacted with uridine 
diphosphogalactose to form uridine diphosphoglucose which is 
then reversibly converted to uridine diphosphogalactose. More 
recently Burton et al. (8) and Cleland and Kennedy (9) have 
demonstrated a reaction in brain tissue in which the galactose of 
uridine diphosphogalactose is transferred to cerebroside. Our 
finding in vivo, that the carbon skeleton of glucose is transferred 
to cerebroside galactose as a unit, is entirely consistent with the 
above mechanism. 

The results of degradation of strandin hexoses are of consider- 
able interest. For strandin glucose the radioactivity remained 
confined to carbon-6. In strandin galactose and galactosamine, 
on the other hand, there was a significant amount of radioactivity 
in carbons other than carbon-6. A possible interpretation of 
this finding would be that since these sugars have lower specific 
activities than that of cerebroside galactose, they may be formed 
more slowly, and that, therefore, a larger proportion was de- 
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rived from blood glucose which had already been partially ran- 
domized. However, strandin glucose, whose specific activity 
was considerably lower than that of strandin galactose or galac- 
tosamine, showed no significant randomization of the label. An 
alternative explanation might be that strandin galactose and 
galactosamine are derived at least in part from glucose by a 
mechanism other than that which only involves Walden in- 
version of the uridine diphosphoglucose. 

Comparison of Glucose and Galactose as Precursors of Brain 
Lipides—Radio-glucose carbon was incorporated somewhat more 
readily than galactose carbon into total brain lipides, cholesterol, 
and total fatty acids, as well as cerebroside galactose (Table III). 
Furthermore, the ratios among the specific activities of brain 
lipides following administration of radio-glucose or radio-galac- 
tose were approximately the same for these four lipide fractions. 
The finding that glucose is a “better’’ precursor of cerebroside 
galactose than is galactose itself is of particular interest. Since 
the precursor of cerebroside galactose is uridine diphosphogalac- 
tose, our finding suggests that glucose is converted to uridine 
diphosphogalactose more readily than is galactose. On the other 
hand galactose was incorporated more readily into total strandin 
than was glucose. A possible interpretation of this finding is 
that in the synthesis of these complex molecules so rich in galac- 
tose, at least a portion of injected galactose is utilized by path- 
ways other than that to which reference has already been made 


(cf. 33). 


SUMMARY 


C-labeled glucose or galactose was administered intraperi- 
toneally to Swiss Albino mice ranging in age from 3 days to 6 
months. After 1 hour the animals were killed by decapitation 
and the brain lipides isolated. The activity present in cerebro- 
side galactose exhibited the greatest variations with age. Maxi- 
mal synthesis of this component occurred in animals 22 days 
old. When the administered glucose was labeled in carbon-6, 
almost all of the activity of the cerebroside galactose was found 
in that carbon. The patterns of labeling of other sugar com- 
ponents of brain lipides were determined and compared with 
those of liver glycogen and blood glucose. Glucose carbon was 
incorporated into all brain lipide components more readily than 
was galactose carbon, except in the case of gangliosides. 
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The isolation of deoxycytidine diphosphate choline (1) and 
deoxycytidine diphosphate ethanolamine (2, 3) from diverse bio- 
logical sources suggests that these compounds may have impor- 
tant metabolic functions. The corresponding ribonucleotides, 
CDP-choline and CDP-ethanolamine, have been shown to be 
essential intermediates in the biosynthesis of phospholipides (4). 
In the present paper, the synthesis of dCDP'-choline and dCDP- 
ethanolamine in labeled form and the activity of these deoxyribo- 
nucleotides in enzyme systems known to catalyze the synthesis 
of lecithin and phosphatidylethanolamine will be described. 


EXPERIMENTAL 


Materials and Methods 


dCMP obtained from the California Foundation was purified 
by chromatography on Dowex 1-formate in the presence of 0.005 
M borate with gradient elution. The mixing chamber contained 
0.005 m borate, whereas the upper reservoir contained 0.5 m am- 
monium formate adjusted to pH 9.4 with concentrated ammonia 
and also contained 0.005 m borate. Clean separations of deoxy- 
cytidine nucleotides (which are eluted first from the column) 
from cytidine nucleotides were obtained with this system To 
recover the nucleotides the pooled fractions were acidified with 
6 N HCl to pH 2 and treated with charcoal. After thoroughly 
washing the charcoal with water, the nucleotides were eluted 
with 50 per cent ethanol containing 0.5 per cent (volume per vol- 
ume) of concentrated aqueous ammonia. The nucleotides were 
again absorbed on Dowex 1-formate and eluted, this time with 
0.04 n formic acid in the upper reservoir (5). The dCMP frac- 
tions were then concentrated to dryness in a rotary evaporator, 
yielding a highly purified product as the free acid containing less 
than 0.5 per cent of the corresponding ribonucleotides. 

The synthesis of labeled dCDP-choline and dCDP-ethanol- 
amine from dCDP and P-choline-1,2-C" and P-ethanolam- 
ine-P®, respectively, was carried out by the method of Ken- 
nedy (5). The yield of dCDP-choline was about 40 per cent, 
based on dCMP, but the yields of dCDP-ethanolamine were low 
and variable. This is apparently caused by the free amino 
group in the P-ethanolamine. More consistent yields (about 10 
per cent) were obtained when the water in the reaction mixture 
described by Kennedy (6) was replaced with formalin, to form 


* Supported by grants from the Life Insurance Research Cor- 
poration, the Nutrition Foundation Inc., and the National Insti- 
tute of Neurological Diseases and Blindness, United States Public 
Health Service (Grant B-1199). 

1The d, used in combination with standard abbreviations, 
stands for deoxy. 


complexes with the free amino group. The formaldehyde is lost 
and the free amino group regenerated during the purification 
procedures. This modification is also useful for the synthesis of 
CDP-ethanolamine. 

Methods for the study of the P-choline-cytidy] transferase and 
P-choline-glyceride transferase reactions, as well as for the prepa- 
ration of these enzymes, have been previously described (6, 7). 
The preparation and partial purification of P-ethanolamine- 
cytidy] transferase will be described in another publication. 
Methods for the study of this enzyme and of the P-ethanolamine- 
glyceride transferase were similar to those used for the analogous 
P-choline reactions. 

Other materials and methods have been described in other 
papers (5-7). 


RESULTS 


Reactions of dCDP-choline—The following reactions involving 
CDP-choline are catalyzed by P-choline-cytidy] transferase (6) 
and P-choline-glyceride transferase (7), respectively. 


Cyt-P-P-P- + P-choline — CDP-choline + P-P (1) 
CDP-choline + p-a,8-diglyceride = lecithin + CMP (2) 


When dCDP-choline and CDP-choline, both labeled with C™ 
in carbons 1 and 2 of the choline, were tested in these reactions, 
little difference between the ribonucleotide and deoxyribonucleo- 
tide forms could be detected (Tables I and II). Further experi- 
ments revealed that the Michaelis constants in the P-choline- 
glyceride transferase reaction are similar (K, = approximately 
3 <X 10-*m). The Michaelis constant for dCDP-choline in the 
P-choline-cytidy] transferase reaction is somewhat higher (K, = 
approximately 10-* m) than that for CDP-choline (K, = approxi- 
mately 2 X 10-* M). 

Concentration of dCDP-choline in Rat Liver—The results de- 
scribed above made it necessary to consider the possibility that 
dCDP-choline might be as important an intermediate in the bio- 
synthesis of phospholipides in liver as CDP-choline. It there- 
fore became of interest to determine the content of dCDP- 
choline in fresh liver. Rat liver contains about 5 to 10 umoles 
of CDP-choline per 100 gm. wet weight. An analysis of fresh 
liver from adult albino male rats for dCDP-choline was carried 
out by the isotope dilution method of Kennedy and Weiss (8) 
except that chromatography was done with ammonium formate 
containing 0.005 m borate as described above to separate CDP- 
choline and dCDP-choline. 

The content of dCDP-choline in rat liver is so low as to make 
accurate estimation difficult, even by this sensitive method, but 
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values of approximately 0.30 umole per 100 gm. wet weight were 
found. The content of CDP-choline in rat liver, estimated by 
similar procedures, is 15 to 30 times higher. 

Reactions of dCDP-ethanolamine—Reactions 3 and 4 are cata- 


TABLE I 
Activity of dCDP-choline and CDP-choline in the P-choline-cytidyl 
transferase reaction 

Each tube contained 50 uwmoles of Tris* buffer of pH 7.4, 20 
pmoles of KF, 12 umoles of MgCl., 5 umoles of pyrophosphate, and 
0.20 ml. of a suspension of heat-treated enzyme particles from 
guinea pig liver (6) in a final volume of 1.0 ml. The tubes were 
incubated for 1 hour. CDP-choline and dCDP-choline were 
both labeled with choline-1,2-C'* (46,000 counts per umole). 
The extent of pyrophosphorolysis was determined by the method 
previously described (6). 








iat Pyrophosphorolysis 
Additions hasewed 

- mumoles 

0.24 umole of dCDP-choline a 68 

0.20 umole of CDP-choline.. . oe 74 


*Tris = 





tris (hydroxymethyl )aminomethane. 





TaB_e II 
Activity of dCDP-choline and CDP-choline in the 
P-choline-glyceride transferase reaction 
Each tube contained 10 umoles of cysteine, 50 wmoles of Tris 
buffer of pH 7.4, 4 umoles of p-a,8-dipalmitolein, 2 mg. of Tween- 
20 (polyoxyethylene sorbitan monolaurate), 20 umoles of MgCl, 
and 0.2 ml. of a suspension of a particulate enzyme from chicken 
liver (7) in a final volume of 1.0 ml. CDP-choline and dCDP- 
choline, labeled as in Table I, were added where indicated. The 


synthesis of radioactive lecithin was measured as previously de- 
scribed (7). 





Additions | 





| Lecithin synthesized 
? myumoles 
1.0 umole of dCDP-choline 657 
653 


1.0 umole of CDP-choline 





TaBLe III 


Activity of dCDP-ethanolamine and CDP-ethanolamine in the 
P-ethanolamine-cytidyl transferase reaction 


Each tube contained 15 umoles of Tris buffer of pH 8.9, 12 
zmoles of MgCl, 6 umoles of cysteine, and 0.10 ml. of a partially 
purified preparation of P-ethanolamine-cytidyl transferase from 
rat liver, in a final volume of 0.5 ml. The tubes were incubated 
for 30 minutes at 37°. The pyrophosphorolysis of the nucleotides 
was determined by the same method as that used for the P-cho- 
line-cytidyl transferase reaction (6). The CDP-ethanolamine 
was labeled with P-ethanolamine-1,2-C' (45,000 counts per 
umole) whereas the dCDP-ethanolamine was labeled with P#- 
ethanolamine corrected to the same specific activity. 








Additions ~~ pe 
: myumoles 
0.22 umoles of dCDP-ethanolamine....... 3.4 
‘PRE 40.0 


0.19 umoles of CDP-ethanolamine 


E. P. Kennedy, L. F. Borkenhagen, and S. W. Smith 


1999 


lyzed by P-ethanolamine-cytidyl transferase and P-ethanolam- 
ine-glyceride transferase, respectively. 


Cyt-P-P-P + P-ethanolamine = CDP-ethanolamine + P-P (3) 
CDP-ethanolamine + p-a,8-diglyceride 


= phosphatidylethanolamine + cyt-P (4) 


In contrast to the results with the P-choline enzymes, CDP- 
ethanolamine is more than 10 times more active than the deoxy- 
ribonucleotide in the cytidy] transferase reaction and 4 to 5 times 
more active in the glyceride transferase reaction (Tables IIT and 
IV). 

Reactions of dC-T P—dCTP was compared with CTP in Reac- 
tions 1 and 3. The results obtained (Table V) were consistent 
with those observed with dCDP-choline and dCDP-ethanolam- 
ine, i.e. dCTP is active in the P-choline transferase reaction, 
but shows only slight activity with the P-ethanolamine enzyme. 


TaBLe IV 
Activity of dCDP-ethanolamine and CDP-ethanolamine in the 
P-ethanolamine-glyceride transferase reaction 

The enzyme system used was identical with that described in 
Table II, except that 5 umoles of ATP were added to each tube. 
The nucleotides were labeled as in Table III. The synthesis of 
radioactive phosphatidylethanolamine was measured by a method 
closely similar to that for lecithin (7). 





Ph hatidvleth 1 
ldyiet 





Additions 





"synthesized 
ie myumoles 
0.2 umole of dCDP-ethanolamine 12.4 
0.2 umole of CDP-ethanolamine 52.8 





TABLE V 


Activity of dCTP and CTP in the P-choline and P-ethanolamine- 
cytidyl transferase reactions 

In Experiment A, each tube contained 5 wmoles of MgCl, 10 
umoles of KF, 25 uwmoles of Tris buffer of pH 7.4, 6 umoles of 
cysteine, 4 umoles of P-choline-1,2-C'* (46,000 counts per umole), 
and 0.2 ml. of guinea pig heat-treated enzyme (6) in a final volume 
of 0.5ml. The tubes were incubated at 37° for lhour. The syn- 
thesis of radioactive nucleotide was measured as previously de- 
scribed (6). 

In Experiment B, each tube contained 15 wmoles of Tris buffer 
of pH 7.7, 15 wmoles of MgCl., 6 wmoles of cysteine, 2 umoles of 
P-ethanolamine-1,2-C'* (33,000 counts per umole), and 0.15 ml. of 
P-ethanolamine-cytidyl transferase from chicken liver in a final 
volume of 0.5 ml. The tubes were incubated for 1 hour at 37°. 
The synthesis of radioactive nucleotide was determined by a 
method closely resembling the procedure previously described (6) 
for the P-choline enzyme. 











Additions Nucleotide synthesized 
myumoles 
Experiment A. P-choline-cytidyl trans- 
ferase 
a re oe 25.2 
0.4 umole of dCTP... oe 29.0 
Experiment B. P-ethanolamine-cytidyl 
transferase 
0.5 umole of CTP Hite eee toe 45 
PUR MD MEEEE , os Sus passe kdhoewen 6 
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DISCUSSION 


The enzymes which catalyze the synthesis of lecithin and of 
phosphatidylethanolamine from P-choline and P-ethanolamine 
are completely specific for cytosine-containing coenzymes (6-8). 
The results of the present study show that the lecithin-synthesiz- 
ing enzymes are about equally active with dCDP-choline as with 
CDP-choline. This raises the question as to the possible func- 
tion of dCDP-choline in the biosynthesis of lecithin in vivo. The 
very low level of dCDP-choline found in fresh rat liver makes 
such a role rather doubtful, but of course does not completely 
exclude it. The low activity of dCDP-ethanolamine in the en- 
zyme systems which catalyze the biosynthesis of phosphatidyl- 
ethanolamine makes it similarly doubtful if this compound plays 
a quantitatively important part in the biosynthesis of phospho- 
lipides in vivo. 

In this paper, it has been shown that the P-choline-cytidyl 
and P-ethanolamine-cytidy] transferases catalyze the synthesis 
of dCDP-choline and dCDP-ethanolamine when supplemented 
with dCTP and the corresponding phosphorylated bases. It is 
suggested that the level of dCDP-choline and dCDP-ethanol- 
amine is a reflection of the ratio of dCTP to CTP. Tissues such 
as calf thymus gland (2), sea urchin eggs (1) and tumors (3) 
from which the deoxyribonucleotide coenzymes have been iso- 
lated, presumably have a comparatively high level of dCTP, 
since they are carrying out an active metabolism of DNA. 
Most other normal tissues of adult animals probably have lower 
amounts of dCTP, and according to this hypothesis, should have 
a correspondingly low content of dCDP-choline and dCDP- 
ethanolamine. 

Another possible function of the deoxycytidine coenzymes 
would be as intermediates in the conversion of cytidine to deoxy- 
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cytidine nucleotides. No evidence for such a function, however, 
has yet been reported. 

The specificity of the enzymes for ribonucleotide or deoxyribo- 
nucleotide forms of the coenzymes seems to be the same in the 
various species tested. P-ethanolamine-cytidy] transferase prep- 
arations from both rat liver and chicken liver show the same pref- 
erence for the ribonucleotide coenzyme (Tables III and V). P- 
ethanolamine-glyceride transferase from chicken liver (Table IT) 
or from rat liver (experiment not shown) is likewise more ac- 
tive with CDP-ethanolamine than with dCDP-ethanolamine, 
Chicken liver P-choline-glyceride transferase, on the other hand, 
is equally active with ribonucleotide or deoxyribonucleotide 
(Table IT), as is the P-choline-cytidyl transferase of guinea pig 
liver. 


SUMMARY 


Deoxycytidine diphosphate choline and deoxycytidine diphos- 
phate ethanolamine have been synthesized in labeled form and 
tested in enzyme systems which catalyze the synthesis of lecithin 
and phosphatidylethanolamine, respectively. Deoxycytidine di- 
phosphate choline is fully as active as cytidine diphosphate 
choline in such reactions, but the deoxy form of cytidine diphos- 
phate ethanolamine is much less active than the ribonucleotide. 
The concentration of deoxycytidine diphosphate choline in fresh 
rat liver is estimated to be about 0.3 umole per 100 gm. wet 
weight, whereas the level of the ribonucleotide, cytidine diphos- 
phate choline, is 10 to 30 times higher. 

The enzymatic synthesis of deoxycytidine diphosphate choline 
and ethanolamine from deoxycytidine triphosphate and the cor- 
responding phosphorylated bases has been demonstrated. 
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Ascaris lumbricoides is a parasitic intestinal helminth whose 
metabolism is predominantly anaerobic (1). In the adult organ- 
ism the cytochrome c or cytochrome oxidase system is not de- 
tectable (2). Bueding and Farrow (3) have demonstrated that 
succinate was one of the major end products produced by this 
nematode. In addition to succinate, the organism produces 
acetylmethylearbinol (4) and acetic, propionic, butyric, a-meth- 
ylbutyric, n-valeric, cis-a-methylerotonic (tiglic), and volatile 
C, acids (5, 6). Bueding et al. (7) have partially purified a po- 
tent succinic oxidase from the muscle of these helminths. Saz 
and Hubbard (8) have demonstrated the presence of fumarase, 
malic dehydrogenase, and a “‘malic enzyme,” the latter of which 
in many respects is similar to the enzymes described previously 
by Ochoa et al. (9) and Korkes and Ochoa (10). 

The present study has revealed evidence which indicates that 
succinate is formed in Ascaris muscle by CO; fixation into pyru- 
vate followed by reduction to succinate. In addition, evidence 
has been obtained for the formation of propionate by the decar- 
boxylation of succinate in a manner similar to that of the suc- 
cinate decarboxylase systems previously reported only in bac- 
teria (11-15). 


EXPERIMENTAL 


A. lumbricoides var. suis was obtained from a local slaughter 
house and transported, at room temperature and in a physio- 
logical salt solution to the laboratory (16). Ascaris muscle 
strips from female helminths were obtained in the manner de- 
scribed by Laser (17), with the modification that they were 
dissected out at room temperature according to the method of 
Waters (18). Muscle strips were weighed and used immediately. 

The stock salt solution which was employed for the incubation 
of muscle strips contained 1.4 m NaCl, 2.7 K 10? m KCl, 1.8 
xX 10-2 m CaCh, and 4 x 10-* m MgSO,. Incubation mixtures 
were shaken in the conventional Warburg apparatus. Unless 
otherwise specified, enzymatic reactions were stopped by placing 
the incubation mixture, including the muscle strip, in a boiling 
water bath for 10 minutes. The volatile and nonvolatile acids 
were separated by steam distillation after acidification of the 
fermentation mixture to a pH of approximately 3 with 1 m H3PO,- 
KH.PO, mixtures. Succinate and nonvolatile acids were iso- 


* This investigation was supported in part by grants from the 
National Science Foundation (Grant No. G2491) and the National 
Institutes of Health, United States Public Health Service (Grant 
No. E-668). The radioactive isotope used in these studies was 
obtained on allocation from the Atomic Energy Commission. 

+ Supported by a medical student summer research award from 
the Louisiana Heart Association. 


lated from the steam-distilled solutions by ether extraction from 
Celite columns (19). After evaporation of the ether the acids 
were separated by chromatography on Celite columns, either 
according to the method of Swim and Krampitz (20) or by con- 
tinuous gradient elution with increasing concentrations of butanol 
in chloroform.! The succinate fraction thus obtained was rou- 
tinely subjected to oxidation with KMn0Q, (21) in order to de- 
stroy possible contaminating acids. The succinate was reisolated 
by ether extraction and rechromatographed from Celite. 

Succinate was degraded by oxidizing an aliquot of the sample 
completely to carbon dioxide by means of the Van Slyke-Folch 
oxidizing mixture (22). The radioactivity of the carboxyl car- 
bons of succinate was determined by pyrolysis of the barium 
salt according to the method of Kushner and Weinhouse (23). 
The radioactivity of the methylene carbons of succinate was 
obtained by difference. Steam-volatile acids were separated 
from the steam distillate and identified by the method of gas- 
liquid chromatography described by James and Martin (24). 
Propionate was degraded according to the method of Phares (25). 
Radioactivities of all other acids were determined by complete 
oxidation by means of the Van Slyke-Folch oxidizing mixture 
(22). 

CO, samples were precipitated as BaC™O; and the precipitate 
was collected as a layer of finite thickness on filter paper disks 
(26). Samples thus obtained were assayed for radioactivity 
with an end window Geiger-Miiller counter. 

Radioactive sodium bicarbonate was prepared from BaC“O; 
by the liberation of C“O, with perchloric acid in an evacuated 
system containing the calculated amount of NaOH. All other 
preparations employed in this investigation were obtained com- 
mercially. 


RESULTS 


Incorporation of Glucose-C“ into Succinate—When glucose-1- 
C"*, glucose-2-C™, or glucose-6-C™ was incubated with Ascaris 
muscle strips, the recovered succinate was found to contain a 
significant amount of isotope. Results of these experiments are 
recorded in Table I. The specific radioactivities of the succinate 
were approximately one-sixteenth of the specific radioactivity of 
the initial substrate. This large dilution of the isotope would 
be expected since the muscle strips have a high glycogen content 
(27) which competes with the exogenous substrates as a source 
of glucose. The succinate-C formed would also be diluted by 


1 The authors wish to thank Dr. A. T. James, National Institute 
for Medical Research, Mill Hill, London, for his suggestions con- 
cerning these methods. 


2001 








2002 


TaBLe [I 
Incorporation of glucose-C'4 into succinate by Ascaris 
lumbricoides muscle strips 
In each experiment the Ascaris muscle strip was added to 0.25 
ml. of stock salt solution and 50 uwmoles of the indicated substrate 
contained in a total volume of 2.5 ml. Vessels were shaken for 2 
hours at 37°; gas phase 95 per cent N2, 5 per cent CO». 























Substrate 
|Glucose-1-C1# Glucose-2-C4) Glucose-6-C™ 
Weight of muscle strip (gm.)... 1.6 1.5 1.4 
Specific radioactivity of sub- | 
strate (c.p.m./umole).........| 16,380 17,300 16,400 
Succinate recovered (umoles). . 6.6 §.1 72 
Total radioactivity of succinate 
gees an ine 7,460 5,550 9,070 
Specific radioactivity of suc- 
cinate (c.p.m./umole)........ 1,130 1,090 1,260 
ETRE PPE a area? 50 24 46 
H.C 
DR ake cndipcd ett anestatieies 1,030 1,040 1,170 
H.C 
| 
__... SS 50 24 46 
TaBLe II 


Incorporation of lactate-1-C'4 into succinate and propionate 


A 1.0-gm. Ascaris lumbricoides muscle strip was added to the 
vessel which contained 0.25 ml. of stock salt solution and 100 
umoles of lithium lactate-1-C'* (9630 c.p.m./umole) in a total 
volume of 2.5 ml. Vessel was shaken 100 minutes at 37°; gas 
phase 95 per cent Ne, 5 per cent COz. 

















Compound Isolated | Total activity Specific activity 
al 
pmoles c.p.m. c.p.m./pmole 
Succinate......... 8.6 | 12,900 1,500 
COOH .... 750 
| } 
H.C 
Re hoes 0 
H.C | 
| 
COOH..... 750 
Propionate......... 1.7 1,360 800 
the large endogenous succinate pool in the muscle (3). In addi- 


tion, if the succinate arises from pyruvate via glycolysis and CO, 
fixation, 2 moles of pyruvate would arise from 1 mole of glucose 
and the pyruvate formed would have one-half the specific radio- 
activity of the initial glucose. Almost all of the radioactivity 
appeared in the methylene carbons of succinate, as would be pre- 
dicted by the glycolytic mechanism followed by fixation of CO. 
into pyruvate with subsequent reduction to succinate. Regard- 
less of whether glucose-1-C™, glucose-2-C™, or glucose-6-C™ was 
employed as the substrate, all gave rise to essentialy the same 
labeling in succinate. These data suggest that the glycolytic 
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pathway is either the only mechanism, or the major one, where- 
by succinate is formed. 

Incorporation of Lactate-1-C'* into Succinate and Propionate— 
According to the glycolytic mechanism, the carboxyl group of 
lactate arises from carbons 3 and 4 of glucose. If lactate were 
transformed to succinate by Ascaris muscle as a result of CO, 
fixation and subsequent reduction, then the carboxyl carbon of 
lactate should become the carboxyl carbon of succinate. This 
possibility was tested by incubating lactate-1-C"™ with an Ascaris 
muscle strip and subsequently isolating and degrading succinate 
and propionate from the incubation mixture. Results of this 
experiment are recorded in Table II. All of the activity incor- 
porated into succinate was found in the carboxy] carbons; this 
is in agreement with the above mechanism. 

The propionate isolated from the same incubation mixture was 
totally degraded by oxidation to CO, (22) and the radioactivity 
was determined. The specific activity of the propionate was of 
the same order of magnitude as that of one carboxyl group of 
succinate (see Table II). These data indicated that propionate 
may have arisen from a direct decarboxylation of succinate. 
However, the possibility of a direct reduction of lactate to pro- 
pionate, (28-30) or of some other more indirect mechanism, can- 
not be ruled out on the basis of these results. 

Malonate Inhibition of Lactate-2-C“ Incorporation into Suc- 
cinate—A scaris muscle contains an active succinic dehydrogenase 
which is inhibited by malonate (7). If this enzyme were involved 
in the formation of succinate from lactate, it would be expected 
that malonate should inhibit the incorporation of C™ lactate into 
succinate. This is indeed the case, as is illustrated by the data 
in Table III. The specific radioactivity of succinate in the 
presence of malonate was only 10 per cent of that found in the 
absence of malonate. In four duplicate experiments, wherein 
the ratio of concentration of malonate to lactate was 1, the in- 
hibition ranged from 89 to 95 per cent. It is of interest also that 


TaBLeE III 


Inhibition by malonate of incorporation of lactate-2-C' into 
succinate by Ascaris lumbricoides muscle strips 


Ascaris muscle strip was added to 0.25 ml. of stock salt solu- 
tion, 50 wmoles of lithium lactate-2-C™ (12,440 c.p.m./umole), 
and 50 umoles of sodium malonate where indicated, contained in 
a total volume of 2.5 ml. Vessels were preincubated for 15 min- 
utes before substrate was added from side arm. Vessels were 
shaken for 100 minutes at 37°; gas phase 95 per cent No, 5 per cent 
COs. 














| Lactate-2-C™ pg 
Weight of muscle strip (gm.)... | 1.5 | Ly 
Succinate recovered (umoles)..........| 5.0 | 6.3 
Total radioactivity of succinate 
OME esos ocr 885 5 8 eT oe 674 
Specific radioactivity of succinate | 
ee ee | 1040 107 
2 29 
| | | 
CH: | | 
he tee etdle ye ORR 980 | 
CH, | 
| 

















Au 


the 
acct 
tior 
exp 
whs 
larg 
cing 
belc 

F 
tial! 
whi 
aros 
the 
mus 
Nal 
min 
inje 
cent 
was 
Tw 
tent 
acti 
plat 
this 

A 
the. 
Sim 
of t 
quai 
inte: 
was 
Hov 
acti’ 
base 


cina 


The 


A 
cont: 
27.2, 
of 2. 


No. 


Reco 


Suee 








ilo 


solu- 
ole), 
ed in 
min- 
were 
cent 


2-Cu 
nate 


~I 


ww 











August 1959 


the distribution of C™ in the recovered succinate was in direct 
accord with the mechanism of CO, fixation followed by reduc- 
tion to succinate. The quantities of succinate isolated from these 
experiments were independent of the substrate and varied some- 
what with each muscle strip. Presumably, this is due to the 
large succinate pool present in muscle and to the fact that suc- 
cinate is further metabolized by the muscle strip, as will be shown 
below. 

Fization of CO. into Succinate—Saz and Hubbard (8) par- 
tially purified a “malic enzyme” (9, 10) from Ascaris muscle 
which catalyzed the fixation of CO. into malate. The question 
arose whether the fixation of CO. was sufficient to account for 
the synthesis of the quantities of succinate found in Ascaris 
muscle. Therefore, an Ascaris muscle strip was incubated with 
NaHCO; as indicated in the legend to Table IV. At the ter- 
mination of the incubation period, 1.56 mmoles of H,SO, were 
injected into the flask and the flask was flushed with 100 per 
cent nitrogen for 30 minutes. The gas evolving from the vessel 
was passed through a solution of NaOH to trap carbon dioxide. 
Two aliquots of the NaOH solution were taken. The CO: con- 
tent of one aliquot was determined manometrically. The radio- 
activity of the CO, in the second aliquot was determined by 
plating as barium carbonate and counting. Data obtained from 
this experiment are tabulated in Table IV. 

As can be seen, there was over 3 times more CO, isolated at 
the end of the experiment than was added to the vessel initially. 
Similarly, there is a large dilution of the specific radioactivity 
of the initial C“O.. The Ascaris muscle strip produces large 
quantities of CO2 even in the absence of added substrate. Most 
interesting is the relatively large amount of radioactivity which 
was incorporated into succinate; 2.3 umoles of CO, were fixed. 
However, this is a minimal figure based upon the initial specific 
activity of the NaHC“O;. The maximal quantity of C“O, fixed, 
based upon the final specific activity of the NaHC™“O;, would 
be 13.2 umoles. The true quantity of CO, fixed must lie between 
these limits. 

It is of interest also that almost all of the CO, fixed into suc- 
cinate was located in the carboxyl groups, as would be expected. 
The carboxyl carbons of succinate are in isotopic equilibrium 


TaBLe IV 
Fization of CO. into succinate by Ascaris 
lumbricoides muscle strips 
A 1.9-gm. Ascaris muscle strip was added to the vessel which 
contained 0.25 ml. of stock salt solution, 50 umoles of glucose, and 
27.2 umoles of NaHCO, (31,537 c.p.m./ymole) in a total volume 











of 2.5 ml. Vessels were shaken for 90 minutes at 37°; gas phase 
No. 

Compound | Recovered Total activity | Specific activity 
% ot anise ard c.p.m. | ¢.p.m./pmole 
Recovered COs... .| 91.6 508,380 | 5550 
Succinate... ......| 10.7 73,400 | 6860 

| 

COOH....... | | 3200 

| 

a | 0 

eee 

CH, | 

| | | 

COOH....... | | 3200 
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TABLE V 


Incorporation of succinate-1-C'* into respiratory COz 
and volatile fatty acids 


A 1.7-gm. Ascaris lumbricoides muscle strip was added to the 
vessel which contained 0.25 ml. of stock salt solution and 50 
umoles of sodium succinate-1-C'* (14,470 c.p.m./umole) in a total 
volume of 2.5 ml. The center well of the vessel contained 0.6 
mmoles of CO: free sodium hydroxide. After shaking at 37° for 
90 minutes the reaction was terminated by the addition of 3 
mmoles of sulfuric acid. The gas phase was nitrogen. 














Compound | Isolated Total activity |Specific activity 
| ban pmoles c.p.m. c.p.m./pmole 
Respiratory CO: | 38 78,280 | 2,060 
Propionate.... 4.0 8,920 2,230 
| | 
ere | 0 
| 
> ie | 0 
| 
COOH. 2,230 
I ocak ts bck ixks | 12.6 100 8 
ee | 2.0 236 118 
a-Methylbutyrate.......| 27.0 28 ,620 1,060 
Unidentified C; or C, acid.| 19.1 36 ,000 1,885 
n-Valerate............... | 5.0 2,015 | 403 





with the CO.. The specific activity of the succinate molecule 
is slightly higher than that of the CO. This may be due to a 
labeling of both carboxyl groups in some of the succinate mole- 
cules, since some data reported below indicate that succinate is 
not an end product of Ascaris muscle metabolism, but may be 
further utilized for the synthesis of various fatty acids. In ad- 
dition, evidence reported below indicates that succinate may 
also be formed by the fixation of CO, into propionate. 

Incorporation of Succinate-1-C™ into Respiratory CO, and Vola- 
tile Fatty Acids—To determine whether succinate was an end 
product of Ascaris fermentation, or whether it was metabolized 
further, an Ascaris muscle strip was incubated with succinate-1- 
C™ as described in the legend to Table V. The incubation was 
terminated by the addition of H.SO,. The respiratory CO, was 
collected in alkali and the volatile acids were separated by gas- 
liquid chromatography (24) after steam distillation of the muscle 
plus the incubation mixture. The acids were completely oxidized 
to CO, (22) with the exception of propionate, which was degraded 
stepwise according to the procedure of Phares (25). Results of 
this experiment are recorded in Table V. 

The relatively high total activity of the respiratory CO, dem- 
onstrates that succinate was utilized quite readily by the muscle 
strip. Assuming that 1 carboxyl carbon of each succinate mole- 
cule was radioactive, a minimum of 10.8 umoles of succinate 
was decarboxylated. Most interesting is the high specific ac- 
tivity of the recovered propionate. All of the radioactivity in 
the propionate was found in the carboxy! carbon. The carboxyl 
carbon of propionate and the respiratory carbon dioxide had the 
same specific activities within experimental error. These data 
strongly suggest a direct decarboxylation of succinate which has 
previously been described only in bacteria. Only small quan- 
tities of propionate accumulated in this and other experiments. 
This is presumably due to the fact that propionate is further 
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TaBLe VI 


Incorporation of propionate-2-C'4 into succinate by 
Ascaris lumbricoides muscle strips 


A 1.3-gm. Ascaris muscle strip was added to the vessel which 
contained 0.25 ml. of stock salt solution and 50 uymoles of sodium 
propionate-2-C™ (10,730 c.p.m./umole) in a total volume of 2.5 
ml. Vessels were shaken for 2 hours at 37°; gas phase 95 per cent 
Nz, 5 per cent CO2. 





Succinate recovered (umoles)...................... 9.0 
Specific activity of succinate (c.p.m./ymole) 


NN eS ot td 12 
| 
H.C 
| Shs $2 ont 660 
H.C 
| 
i ua 12 


Total radioactivity incorporated into succinate 





> ROR Sr rs aCe ran ee ae eer eo 6160 
Propionate-2-C'* incorporated into succinate 
I aires ica hts ok teks a een hiiotee ante Genes 0.57 





metabolized by the system.? These data indicate also that suc- 
cinate may be a major precursor of the endogenous respiratory 
carbon dioxide in this system since the CO, and the carboxyl 
group of propionate were diluted to the same extent. 

It can also be seen from Table V that succinate serves as a 
precursor of a-methylbutyrate and an as yet undetermined C; 
or Cz acid which may be tiglic acid (5). Acetate and butyrate 
had relatively low specific activities, as might be predicted since 
both carboxyl carbons of succinate would be lost if the succinate 
were converted to acetate through the conventional reactions 
leading to pyruvate. Although the specific activity of the n- 
valerate is less than one-half that of the a-methylbutyrate, a 
significant quantity of the succinate was incorporated into this 
compound. 

Incorporation of Propionate-2-C™ into Succinate—The finding 
that succinate can apparently be decarboxylated by Ascaris 
muscle strips led to a consideration of the possibility that suc- 
cinate may be formed by means of CO; fixation into propionate 
according to the mechanism described by Flavin et al. (31, 32) 
and Beck et al. (33, 34). To examine this possibility, propionate- 
2-C™ was incubated with an Ascaris muscle strip under an atmos- 
phere of 95 per cent N:-5 per cent CO. Data obtained from 
this experiment are tabulated in Table VI. Carbon 2 of pro- 
pionate was incorporated into the methylene carbons of succinate, 
as would be predicted by this mechanism. However, the specific 
activity of the recovered succinate and the degree of incorpora- 
tion are low relative to the values obtained with either radioactive 
glucose or lactate. Therefore, although propionate may be a 
precursor of succinate, this is apparently not the major mech- 
anism for succinate formation in the system employed. 

Effect of Malonate upon the Incorporation of Lactate-2-C™ into 
Propionate—Cardon and Barker (28), Lewis and Elsden (29) 
and Ladd and Walker (30) have obtained evidence for the direct 
reduction of lactate to propionate in some bacterial systems. 
Flavin et al. (35) have shown that malonate inhibits the isomeri- 
zation of methylmalonate to succinate by inhibiting methyl- 


2H. J. Saz and A. Weil, unpublished observations. 
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malonyl coenzyme A isomerase. If, in Ascaris muscle, pro- 
pionate were produced from lactate via succinate, malonate 
should inhibit this process (see Table III). On the other hand, 
if propionate is formed by a direct reduction of lactate, malonate 
should not inhibit this incorporation. The data recorded in 
Table VII illustrate the results obtained when lactate-2-C™ was 
incubated with Ascaris muscle strips in the presence and absence 
of malonate. It can be seen that malonate does indeed inhibit 
the incorporation of lactate-2-C™ into propionate. The specific 
radioactivity of the recovered propionate was inhibited approxi- 
mately 65 per cent by malonate. It is interesting that under 
the same experimental conditions malonate inhibited the incor- 
poration of lactate-2-C™ into succinate by 89 to 95 per cent (see 
Table III). These results are in agreement with the hypothesis 
that succinate is the major precursor of propionate. However, 
the data indicate that propionate may be formed also via another 
pathway, quantitatively less significant. This is further sub- 
stantiated by results of some experiments similar to those re- 
ported in Table II, in which lactate-1-C™ incorporation into 
succinate and propionate are compared. Under these conditions 
the incorporation into propionate was occasionally significantly 
higher than could be accounted for solely by the decarboxylation 
of succinate. 

Effect of Malonate upon Decarborylation of Succinate-1-C'— 
The possibility that a major portion of the succinate was being 
decarboxylated via conversion to pyruvate and COz was inves- 
tigated by studying the effect of malonate upon the decarboxy- 
lation of succinate-1-C. If this mechanism were operative, 
malonate should inhibit this conversion. As can be seen in the 
data presented in Table VIII, malonate had very little, if any, 


TaBLe VII 


Effect of malonate upon incorporation of lactate-2-C'* into 
propionate by Ascaris lumbricoides muscle strips 


Conditions were as described in legend to Table III. 








Lactate-2-C™ Be 
Weight of muscle strip (gm.)......... 1.8 1.9 
Propionate recovered (umoles)........ 2.6 3.0 
Specific radioactivity of propionate 
EF 65 ood erence newer as 630 220 











TasLe VIII 

Effect of malonate upon decarborylation of succinate-1-C'4 

An Ascaris lumbricoides muscle strip weighing 2.0 gm. was 
placed in each vessel which contained 0.25 ml. of stock salt solu- 
tion, 50 wmoles of sodium succinate-1-C™ (3618 ¢.p.m./umole), 
and 50 wmoles of sodium malonate where indicated in a total 
volume of 2.5 ml. The center well of each vessel contained 0.6 
mmoles of CO, free sodium hydroxide. The muscle and contents 
of each vessel were incubated for 15 minutes before the substrate 
was added. After shaking at 37° for 60 minutes the reaction was 
terminated by the addition of 3 mmoles of sulfuric acid. The gas 
phase was nitrogen. 





} Respiratory CO2 











Experiment 
Isolated Total activity |Specific activity 
umoles c.p.m. c.p.m./pmole 
Without malonate........| 38.2 23,110 605 
With malonate...........| 39.3 20,040 | 510 
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effect upon the decarboxylation of succinate-1-C“%. These re- 
sults are in accord with a mechanism for the direct decarboxyla- 
tion of succinate to propionate and CO.. 


DISCUSSION 

The carbohydrate metabolism of A. lumbricoides var. suis 
muscle is strikingly different from that of mammaliam muscle. 
The fermentation of glucose by Ascaris muscle strips more closely 
resembles that of some of the anaerobic bacteria. Evidence 
presented in these studies indicates that the succinate which 
accumulates in the muscle, as well as in the perienteric fluid (3) 
and in the incubation medium (36), is formed by the carboxyla- 
tion of pyruvate followed by reduction of the product to suc- 
cinate. A similar pathway appears to be operative in Propioni- 
bacter (37, 38) and in Veillonella (13, 14). Whether the fixation 
of CO: into pyruvate is catalyzed by the “‘malic enzyme” or 
oxaloacetic decarboxylase (39-42) cannot be decided on the basis 
of the experiments reported in this publication. However, an 
active ‘“‘malic enzyme” has been demonstrated in Ascaris muscle 
and partially purified (8). Although succinate accumulates, it 
is also utilized further by muscle strips. Ascaris muscle strips 
are apparently capable of decarboxylating succinate to pro- 
pionate and COQ:, a reaction which previously was confined to 
some of the bacteria (11-15). 

A. lumbricoides muscle contains all of the glycolytic enzymes.* 
In addition, Entner (43) has demonstrated the presence of most 
of the enzymes comprising the pentose phosphate “shunt” path- 
way. However, the activities of these enzymes in this tissue 
are extremely low. Therefore, the pentose phosphate pathway 
probably plays a minor part, if any part, in the dissimilation of 
glucose by Ascaris muscle. The results obtained in these ex- 
periments (see Table I) show that glucose-1-C™, glucose-2-C™, 
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and glucose-6-C™ are all equivalent with regards to the labeling 
in succinate, indicating that the pentose phosphate “shunt” plays 
no significant role in succinate formation. 

Bueding and Charms (2) have demonstrated succinic dehydro- 
genase activity in Ascaris muscle. It appears that the physio- 
logical role of this enzyme may be to catalyze the reduction of 
fumarate rather than the oxidation of succinate. Since lactic 
dehydrogenase activity of Ascaris muscle is low relative to the 
activities of the other glycolytic enzymes,’ succinic dehydro- 
genase and the enzymes involved in the production of fatty 
acids may serve to reoxidize the reduced diphosphopyridine 
nucleotide formed during the dissimilation of glucose to pyruvate. 


SUMMARY 


1. Muscle strips from the helminth Ascaris lumbricoides var. 
suis incorporate various species of glucose-C™ and lactate-C™ 
into succinate anaerobically in accordance with the mechanism of 
the Embden-Meyerhoff scheme of glycolysis followed by carbon 
dioxide fixation into pyruvate and reduction to succinate. The 
incorporation of lactate-C™ into succinate is inhibited to an 
extent of 89 to 95 per cent by malonate when present in an equi- 
molar concentration with lactate. 

2. Sufficient quantities of CO, are fixed by Ascaris muscle 
strips to account for the amounts of succinate which accumulate. 

3. Succinate appears to be decarboxylated directly to pro- 
pionate and carbon dioxide by Ascaris muscle strips. This 
decarboxylation is not inhibited appreciably by malonate. Evi- 
dence has been presented also for the fixation of CO: into pro- 
pionate to form succinate. 

4. Succinate appears to be a precursor not only of propionate, 
but also of a-methylbutyrate and of some other volatile fatty 
acids formed by Ascaris muscle. 
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Two distinct pathways for the formation of estriol in vitro have 
recently been described: C-16 hydroxylation of estradiol-17-8 by 
human fetal liver and rat liver (1, 2), and aromatization of 
A*-androstene-36 ,16a,178-triol by human placenta (3). Al- 
though the formation in vivo of estriol from estradiol! and estrone 
is well known (4), the studies mentioned above present the first 
convincing data for the direct production of estriol in vitro. The 
preliminary observation that estriol could be produced by aroma- 
tization of a C-16-hydroxylated androgen without involving the 
classic conversion from estradiol (3), prompted this more exten- 
sive study of the metabolism of C-16-oxygenated neutral and 
phenolic steroids by human placenta. The formation of estriol 
from C-16-hydroxylated androgens has been confirmed and a 
tentative intermediary role for 16a-hydroxyestrone can now be 
made. 


EXPERIMENTAL 


Tissue Preparation and Incubation Techniques—Human pla- 
centas were obtained and prepared as previously described (5). 
The differential centrifugation techniques of Schneider and 
Hogeboom (6) were employed to prepare subcellular fractions. 
These included a supernatant preparation (10,000 x g) contain- 
ing both microsomes and soluble enzymes, a microsome fraction 
sedimented at 105,000 x g and a supernatant fraction (105,000 
x g). The placental preparations were incubated in 50-ml. 
Erlenmeyer flasks at 37° in a Dubnoff incubator with air as the 
gas phase. Steroid substrates were dissolved in propylene glycol 
before their addition to the incubation mixtures, and 0.05 m 
phosphate buffer at pH 7 was used throughout the study. 
TPNH was prepared by the method described by Kaplan et al. 
(7). 

Extraction and Purification—Extraction procedures were 
carried out as described in detail in a previous communication 
(5). The steroids were extracted into chloroform, freed of 
lipide by a pentane-90 per cent methanol partition, and then 
subjected to the phenolic separations described by Baggett et al. 
(8). 24-Tranfer countercurrent distributions in 70 per cent 
methanol-CHCl;:CCl, (4:1) further purified and isolated the 
estriol formed. Paper chromatography was carried out at each 
stage of the purification with the use of Bush techniques (9). 
Two solvent systems consisting of ligroine:toluene (2:1)-70 per 
cent methanol and toluene-75 per cent methanol were used. 
Compounds were detected on paper by ultraviolet absorption 
and a ferric chloride-potassium ferricyanide spray (10). Estro- 


* Supported in part by grants from the National Institutes of 
Health (Grant No. A-2270) and the Josiah Macy, Jr., Foundation. 
1 Estradiol as used herein refers to estradiol-17-8. 


gens were measured in duplicate by the fluorescence methods of 
Engel et al. (11) with the use of a Farrand fluorometer. Infrared 
spectroscropy was carried out with a Perkin-Elmer double beam 
instrument. 

Identification of Estriol—Pooled samples of the enzymatically 
formed estriol were purified and isolated by the procedures de- 
scribed above. The isolated material had a distribution curve 
in the 70 per cent methanol-CHCl;:CCl, (4:1) countercurrent 
system identical with pure estriol and behaved in the Bush 
systems with identical Rr values. The substance gave a positive 
David reaction (12) and reacted with the Bachmann reagent on 
paper (13). The acetate derivative was identical with known 
estriol acetate by infrared spectroscopy .? 

RESULTS 

Aromatization of C-16-Oxygenated Neutral Steroids—Incubation 
of 16a-hydroxy-A‘-androstene-3 ,17-dione, 16a-hydroxytestos- 
terone, and A®-androstene-38 ,16a,178-triol with human pla- 
centa resulted in the formation of estriol (Table I). These data 
confirm the earlier observations made with a limited supply 
of A’-androstene-36 , 16a ,178-triol (3). 16a-Hydroxy-A‘-andro- 
stene-3 ,17-dione was twice as active as the other two substrates 
(Table I). This made unlikely the possibility that it was being 
converted to estriol via the testosterone derivative (see below). 
The relationship of substrate concentration to estriol formation 
is illustrated in Fig. 1. As in other aromatization studies re- 
ported (5), the reaction also took place with the placental micro- 
somal fraction and a TPNH-generating system of TPN, glucose- 
6-P, and glucose-6-P dehydrogenase. There was an absolute 
requirement for TPNH or the generating system. The rela- 
tionship of microsomal protein concentration to estriol forma- 
tion is illustrated in Fig. 2. 

Control Experiments—Recovery of added estriol from the 
incubation mixture was 72 per cent at zero time, and no further 
loss was incurred by incubation for 1 hour. All data are typical 
results based on two or more replications for each experiment. 
Extraction of the incubation mixture at zero time and after 
incubation for 1 hour without substrate were carried out as 
controls and failed to reveal the production of estriol. Since 
the amount of estriol produced in each experiment was usually 
10 to 15 times the amounts recovered by Diczfalusy and Lind- 
kvist (14) from comparable weights of human placenta by more 
exhaustive extraction procedures, no difficulty was encountered 
in measuring net synthesis of estriol. The reproducibility of the 
observations was shown by a conversion of 27 per cent + 1 per 


2 Infrared spectroscopy was carried out by Miss M. Collins 
through the courtesy of Dr. Lewis Engel. 
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TaBLeE I 
Aromatization of 16-hydrorylated neutral steroids 
Placental preparations (supernatant fractions, 10,000 X 4g) 
equivalent to 12 gm., wet weight, of tissue were incubated with 
10umoles of ATP, 10umoles of DPN, and 200 ug. of the substrates 
listed for 1 hour at 37° in a total volume of 5 ml. Estriol was 
measured by fluorescence as described in the text. 








Substrate | Estriol formed 
| ue. 
l6a-Hydroxy-A‘-androstene-3,17-dione......... 29.2 
l6a-Hydroxytestosterone..................... | 17.2 


A5-Androstene-38, 16a,178-triol................. | 14.7 
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Fie. 1. The conversion of 16a-hydroxy-A‘-androstene-3,17- 
dione to estriol as a function of substrate concentration. Pla- 
cental supernatant fractions (10,000 X g) equivalent to 12 gm., 
wet weight, of tissue were incubated with 10 umoles of ATP, 10 
zmoles of DPN, and 16e-hydroxy-A‘-androstene-3,17-dione in the 
amounts indicated for 2 hours at 37° in a total volume of 5 ml. 
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Fig. 2. The formation of estriol as a function of microsomal 
protein concentration. Human placental microsomes in the 
amounts indicated were incubated with 500 ug. of 16a-hydroxy- 
testosterone, 20 umoles of glucose-6-P, 5 umoles of TPN, and 1.2 
ing. of glucose-6-P dehydrogenase (Sigma Chemical Company) in 
0.05 m phosphate buffer at pH 7 for 1 hour at 37° in a total volume 
of 5 ml. Identical curves were obtained when 1l6a-hydroxy-A‘- 
androstene-3,17-dione was the substrate. 





yg. ESTRIOL FORMED 


cent (standard deviation) 16a-hydroxy-A*-androstene-3 , 17-dione 
to estriol in 39 experiments. Conditions were similar to those 
described in Table I except that the concentration of substrate 
was 20 wg. per ml. 

Intermediates—In previous studies the conversion of A'- 
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androstene-38 , 16a, 178-triol to estriol was accompanied by a 
trace amount of an ultraviolet absorbing compound thought 
to be an intermediate (3). In the course of current studies, 
this compound was again noted and found to have the same 
chromatographic mobility as pure 16a-hydroxytestosterone when 
run in parallel in the Bush systems. When this enzymatically 
formed compound was eluted from the chromatograms and 
incubated with the placental system it was readily converted to 
estriol (Table II). The presence of a A®*-38-ol dehydrogenase 
had been noted previously in these preparations (5). 

If 16a-hydroxy-A‘-androstene-3 ,17-dione was incubated with 
well washed microsomes and TPNH, no estriol was formed. 
Instead a phenolic, weakly fluorogenic compound was detected 
which had the chromatographic mobility of pure 16a-hydroxy- 
estrone when run in parallel in the Bush systems. Like 16a- 
hydroxyestrone this compound was readily converted to estriol 
by the supernatant fraction (105,000 x g) (see below and Table 
II). No alkali was used in extractions involving this compound 
(cf. (15)). In the case of both of these intermediates, not enough 
material was isolated for more definitive identification. Tenta- 
tive relationships of the compounds involved are given in Fig. 3. 

Dehydrogenase Studies—In previous aromatization studies the 
interconversions of estradiol and éstrone and of testosterone and 
A‘-androstene-3,17-dione resulted in a complicated interplay 
of steroid metabolites during incubations (5). Accordingly, a 
number of C-16-oxygenated steroids were studied with placental 
fractions containing dehydrogenase activity for estradiol and 
testosterone. All incubations consisted of placental supernatant 
fractions (105,000 x g) equivalent to 12 gm., wet weight, of 
tissue, 10 umoles of ATP, 10 umoles of DPN, and 100 ug. of the 
substrates noted below. Zero time controls were run in each 
case. 16a-Hydroxyestrone was converted rapidly to estriol. 
The 16a-hydroxyestrone disappeared during the course of the 
reaction, and a product with the chromatographic mobility of 


TaBLeE II 
Conversion of intermediates to estriol 

The intermediate tentatively identified as 16a-hydroxytestos- 
terone was isolated from incubations of A*-androstene-38, 16a, 178- 
triol and placental fractions as described in Table I. This inter- 
mediate was then incubated under identical conditions. 

The intermediate tentatively identified as 16a-hydroxyestrone 
was detected in incubations consisting of washed microsomes (8 
mg. per ml.), 9 umoles of TPNH and 200 yg. of 16a-hydroxy-A‘- 
androstene-3,17-dione in 0.05 m PO, buffer at pH 7 for 1 hour at 
37°. The microsomes were freed of all dehydrogenase activity 
by repeated washing before use. The intermediate formed in 
the first incubation was then incubated with a placental super- 
natant fraction (105,000 X g), 10umoles of ATP, and 10 umoles of 
DPN at 37° for 1 hour in a total volume of 5 ml. as described in 
the text under Dehydrogenase Studies. 

The course of the reactions was followed by fluorescence deter- 
minations, Bush paper chromatography, and the Bachmann re- 
action on paper. 








| ‘ lms | 
Tentative identity of intermediate | Incubation | Disappearance Estriol formed 








time of substrate 

| | us. 
16a-Hydroxytestosterone .... Otime | no Mab. 

| Sie yes 5.8 
16a-Hydroxyestrone......... | 0 time | no 0 

| 1 hr. yes 6.8 








Metabolism of C-16-oxygenated Steroids 


Vol. 234, No. 8 


° ° 
2°20H °° OH 
—_— 
HO 
oC-HYDROX 





° 
16 ENEDIONE 


16 OC- HYDROXYES TRONE 


‘ : \ : 
OH 2-H «+00H 
—_ — 
HO ° HO 


ZY anorostene - 36 ,160,176 - TRIOL 


16 C- HYDROXY TESTOSTERONE 


ESTRIOL 


Fig. 3. Proposed pathway for the formation of estriol from C-16-hydroxylated neutral steroids 


estriol was formed. There was a net increase in fluorescence, and 
the new compound gave a positive Bachmann reaction on paper. 
Detailed studies could not be carried out because of the limited 
supply of substrate. Epiestriol, estriol, 16-ketoestradiol, 16a- 
hydroxytestosterone, and 16a-hydroxy-A‘*-androstene-3 , 17-dione 
were not metabolized under these conditions. 


DISCUSSION 


The conversion of three 16-oxygenated neutral steroids to 
estriol in up to 27 per cent yield indicates a new source for estriol 
formation which does not include the classic pathway from 
estrone and estradiol. The conversion of estrone and estradiol to 
estriol has long been known from work in vivo (4), and there are 
now two reports of the formation in vitro of estriol from estradiol 
with liver preparations (1,2). There is as yet no direct evidence 
for this reaction with human placenta. C -16- hydroxylated 
neutral steroids have been isolated from normal and pathological 
human urine (16, 17, 18), and Schneider and Mason (19) have 
demonstrated the formation of A®-androstene-36 , 16a, 176-triol 
from dehydroepiandrosterone with rabbit liver. The conversion 
of testosterone to 16a-hydroxytestosterone with perfused dog 
liver has also been reported (20). The biological role of these 
16-hydroxylated compounds is not known. Whether a major 
portion of the estriol in pregnancy is produced by C-16-hy- 
droxylation of estradiol or aromatization of an already 16-hy- 
droxylated androgen must await further studies. 


In recent years several new 16-oxygenated estrogens have been 
described (15, 21, 22). These include epiestriol, 16a- and 166- 
hydroxyestrone and 16-ketoestradiol. Of the compounds tested, 
only 16a-hydroxyestrone was metabolized in the placental sys- 
tems employed here. This compound was converted to estriol 
in agreement with the observations in vitro by Breuer et al. (23) 
who demonstrated the reaction with human liver. Brown and 
Marrian (24) also reported the conversion of 16a-hydroxyestrone 
to estriol in vivo in nonpregnant subjects. 


SUMMARY 


The conversion of three C-16-hydroxylated neutral steroids to 
estriol by human placental preparations has been described. A 
tentative intermediary role for 16a-hydroxyestrone between 
16a-hydroxy-A‘-androstene-3 ,17-dione and estriol was demon- 
strated; the conversion of A*-androstene-38,16a,178-triol to 
estriol proceeded via 16a - hydroxytestosterone. Estriol can 
thus be synthesized without involving estrone and estradiol, and 
a relationship between C-16-oxygenated neutral and phenolic 
steroids has been established. 
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Since the original observations of Séhngen in 1913, it has been 
known that a variety of soil microorganisms oxidize and utilize 
cholesterol and other steroids for their growth (reviewed in (1)). 
Pseudomonas testosteroni was isolated from the soil by enrichment 
culture for testosterone (2). This microorganism grows rapidly 
on certain Cig and C2; steroids! as its sole carbon source and 
under suitable conditions degrades such steroids completely to 
CO, and water by a series of enzymes, at least some of which are 
known to be steroid-induced (adaptive). Evidence has been ob- 
tained that the terminal oxidations of these steroids proceed 
through the tricarboxylic acid cycle (2), but many of the undoubt- 
edly complex intermediate steps involved in the cleavage of 
the steroid nucleus remain unknown. 

Three adaptive enzymes concerned with steroid metabolism 
have been isolated from P. testosteroni. ‘Two diphosphopyridine 
nucleotide-linked hydroxysteroid dehydrogenases which inter- 
convert reversibly specific hydroxyl and ketone functions of ster- 
oids have been characterized. One of these, 38- and 178-hydroxy- 
steroid dehydrogenase (3, 4) interconverts 36-hydroxyl and 3- 
ketone functions in Ciy and Ca steroids and also catalyzes the 
reversible oxidation of the 178-hydroxyl groups in steroids of the 
estrane, androstane, and etiocholane series. A 3a-hydroxy 
steroid dehydrogenase (3, 4) catalyzes the reversible oxidation of 
3a-hydroxy steroids of the Ci, Cu, and Cx series. In ad- 
dition, a steroid isomerase has been described which converts 
certain A®- to A‘-3-ketosteroids (5). 

The present studies were directed toward elucidating further 
steps in the degradation of steroids by P. testosteroni. This paper 
describes the introduction of unsaturation into ring A of steroids 
(6) principally by intact bacterial cells. These transformations 
appear to prepare the steroid nucleus for further oxidative cleav- 
age. Experiments on the enzymatic mechanism of these dehy- 
drogenations are reported separately (7). Ring A dehydrogena- 
tions are carried out by a wide variety of microorganisms (1, 8, 9), 
including a species of Pseudomonas (10). These transformations 
of steroids are also of considerable interest because of the in- 
teresting physiological properties of certain 1-dehydro analogues 
of adrenal cortical steroids (see review (11)). The possible im- 
portance of these reactions in the aromatization of ring A, and 
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hence the biosynthesis of phenolic estrogens has also been pointed 
out (1). 


EXPERIMENTAL 


Pseudomonas testosteroni (ATCC 11996) was grown in a liquid 
medium, similar to that previously described (4), containing so- 
dium lactate (added as a neutralized 50 per cent solution) in place 
of yeast extract. The final concentration of lactate generally 
was 0.5 per cent. The pH was adjusted to 7.0 with NaOH. 
Culture densities were determined by turbidimetric measurement 
of appropriately diluted cell suspensions at 650 my in the Beck- 
man spectrophotometer. 

Reagents—All organic solvents used were redistilled. n-Hep- 
tane and n-hexane were obtained from the Phillips Petroleum 
Company and purified by exhaustive treatment with concen- 
trated sulfuric acid followed by alkaline potassium perman- 
ganate, dried over sodium metal, and distilled on an efficient 
fractionating column. Dioxane was thoroughly treated with 
ferrous sulfate, dried over sodium metal and distilled on a frac- 
tionating column. 

Steroids were commercial preparations, purified when neces- 
sary by crystallization and sublimation. The steroids were 
added to the growth flasks in acetone solutions. For manometric 
experiments, 10 mg. of steroid were dissolved in 1.0 ml. of diox- 
ane, and the solution added to 19.0 ml. of a 0.5 per cent aqueous 
solution of high viscosity carboxymethyl cellulose (Hercules Pow- 
der Company). 

All melting points are corrected. Infrared spectra were de- 
termined as KBr disks on a Perkin-Elmer model 21 spectro- 
photometer. 

Growth and Induction—A starter culture was prepared by inoc- 
ulating 100 to 200 ml. of lactate and minerals medium with cells 
from a slant. It was grown at 30°, with shaking, for 18 to 24 
hours, in small culture flasks. Larger culture flasks (Corning 
No. 4422), usually containing 500 or 1000 ml. of medium, were 
inoculated with 2.5 or 5 ml., respectively, of the starter culture. 
The cells were allowed to grow for 16 to 24 hours at 30° on a plat- 
form shaker. At this time the culture had usually attained a 
concentration of 1 to 2 mg., dry weight, of cells per ml. An 
acetone solution of the steroid (25 mg. per ml.) was then added 
to give a final concentration of 100 mg. per |., and the incubations 
were continued for specified times up to 72 hours. 

The steroids were extracted from the culture, or from aliquots 
thereof, with ethyl acetate. The extracts were dried with an- 
hydrous sodium sulfate, filtered, and evaporated to dryness on a 
rotary evaporator maintaining the temperature below 50°. The 
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residues were dissolved in small volumes of methanol and aliquots 
were chromatographed on filter paper. Products from the in- 
cubation of C-19 steroids were spotted on Whatman No. 43 paper 
which had been impregnated with a stationary phase consisting 
of equal volumes of formamide and methanol (12). The papers 
were developed by descending chromatography with a mixture of 
equal volumes of hexane and benzene, saturated with formamide. 
The a,8-unsaturated ketosteroids were detected on the paper 
with the aid of an ultraviolet scanner. Ketosteroids were 
visualized by spraying with 2,4-dinitrophenylhydrazine (13). 
Products from the incubation of 19-nor-testosterone were also 
chromatographed on paper with another type of system (14). 
Whatman No. 3 MM paper was washed for several days by ex- 
tracting with a mixture of equal parts of benzene and methanol 
in a Soxhlet type extractor. The papers were developed at 33° 
with the upper phase from a mixture of equal volumes of hep- 
tane and methanol. Phenolic steroids were detected as dark 
blue spots by spraying the papers with a freshly prepared mix- 
ture of equal volumes of 1 per cent ferric chloride and 1 per 
cent potassium ferricyanide (15), followed by washing of the 
papers with HCl and water. 

Isolation of steroids was accomplished by chromatography on 
silicic acid columns by gradient elution (16). The steroids were 
further purified by crystallization, sublimed in a vacuum, and 
characterized as described below. 


RESULTS 


When testosterone (I, Scheme 1) was added to a growing cul- 
ture of P. testosteroni and aliquots were examined at various time 
intervals by paper chromatography, the first product was found 
to be 4-androstene-3 ,17-dione (II). Considerable quantities of 
this product were present in the incubation mixture within 6 
hours after addition of testosterone. This oxidation of the 176- 
hydroxy] group is catalyzed by 6-hydroxy steroid dehydrogenase, 
large amounts of which are present in adapted cells (4). Longer 
incubations resulted in the formation of two other ultraviolet-ab- 
sorbing compounds, more polar than 4-androstene-3,17-dione, 
identified as 1 ,4-androstadiene-3 ,17-dione (III) and 1,4-andro- 
stadien-176-ol-3-one (IV). 

When 4-androstene-3, 17-dione was used as a substrate for the 
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incubation, III and small amounts of I and IV were detected in 
the medium. In one experiment, 45 mg. of 4-androstene-3 , 17- 
dione were added to 450 ml. of a 24-hour growth of the micro- 
organism. At 72 hours? the contents of the culture flask were 
extracted with ethyl acetate and chromatographed on silicic acid. 
They yielded a crystalline product which, upon recrystallization 
from hexane and acetone and sublimation (90-115°, <0.001 mm. 
of Hg), gave 18.7 mg. of a product which was characterized ag 
1 ,4-androstadiene-3,17-dione by the following criteria (17, 18): 
m.p. 140.5-141° (no depression upon admixture with an authentic 
sample): [a]p +123° (c, 1.04, CHCI;); Asis 243 my (e 16,200); 
the infrared spectrum showed ARP: 5.77 uw (17-ketone) and 6.04, 
6.17, and 6.25 uw (A!-4-3-ketone), and was identical with an au- 
thentic sample; sulfuric acid chromogens (19, 20) were identical 
with an authentic sample (peaks at 265, 305, and 390, and minima 
at 288 and 350 my); analysis 


CisH 2,02 


Calculated: C 80.24, H 8.51 
Found: C 80.08, H 8.46 


Measurement of the 17-ketone group with 8-hydroxysteroid de- 
hydrogenase (16) gave 104 per cent of theory. The product and 
authentic III could not be separated by paper chromatography. 

When androstane-3 ,17-dione (V) or l-androstene-3 , 17-dione 
(V1) were incubated with growing cultures of P. testosteroni under 
similar conditions, 1,4-androstadiene-3,17-dione was isolated 
and identified as the principal product in both cases. Small 
amounts of IV accompanied the main product. 
mental details and yields of product in these incubations were 
similar to those of the incubation with 4-androstene-3 , 17-dione, 
except that the extractions were performed 22 hours after the 
addition of steroid to the culture. It was noted that when cells 
were incubated with androstane-3,17-dione (V) the time se- 
quence of appearance of products was always V — VI — III, and 
that no II appeared in the incubation mixture. This conversion 
sequence does not necessarily reflect the relative activities of the 
enzymes introducing double bonds at the 1-2 and the 4-5 posi- 
tions. In suitably prepared cell-free preparations, the conver- 
sion sequence V — II — III has been demonstrated. 

Cultures of P. testosteroni converted 17a-methyltestosterone to 
1-dehydro-17a-methyltestosterone in good yield. This latter 
steroid was not further metabolized and accumulated in the me- 
dium. The product obtained after 72 hours of incubation was 
isolated and purified in the usual manner. It had the following 
characteristics (21): m.p. 164-166°; the infrared spectrum showed 
AEB 6.02, 6.18, and 6.26 uw (A!43-ketone) and 2.92 nw (OH 
group); [a]p —2.6° (c, 1.15, CHCl); it migrated on paper with 
the same velocity as authentic 1-dehydro-17a-methyltestos- 
terone. 

The oxidation at C-4,5 is not limited to steroids in which the 
A:B ring fusion is trans oriented. Thus, etiocholan-176-ol-3-one 
(VII, A:B cis) was converted to testosterone, 4-androstene-3 , 17- 
dione, 1,4-androstadiene-3,17-dione, and 1,4-adrostadien-176- 


2In other experiments the maximal yield of III occurred as 
early as 24 hours, and the time required in this experiment was 


unusually long. There appear to be a number of factors in- 


fluencing the conversion rate, such as lactate concentration, time 
of steroid addition, and bacterial culture density. The slow rate 
in these experiments was probably the result of relatively poor 


growth. 
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ol-3-one by a cell-free extract prepared from cultures grown on 
0.5 per cent lactate and 0.01 per cent testosterone -(6, 7). 

In another incubation, conducted like the one with 4-andros- 
tene-3,17-dione, 19-nor-testosterone (VIII, Scheme II) was con- 
verted to estrone (X), which was accompanied by a small quan- 
tity of estradiol-178 (XI). This reaction probably proceeds 
preferentially via 4-estrene-3,17-dione (IX), which is a better 
substrate than 19-nor-testosterone in disrupted cell preparations 
(7). The conversion of the 178-hydroxyl to the 17-ketone group 
is again consistent with the action of 8-hydroxysteroid dehy- 
drogenase. Since estrone is not oxidized further by P. testoste- 
roni, incubation for 72 hours resulted in a culture medium con- 
taining estrone as the principal steroid. Estrone could be 
crystallized directly from the extracts in 67 per cent yield. The 
product was sublimed at 135-150° (<0.0005 mm. of Hg) and 
characterized by the following criteria: m.p. 253-256°; [a]p 
+154° (c, 0.644, dioxane); Asis 282 my (e 1960); upon addition 
of NaOH, Asks 243 my (€ 8000) and 300 my (€ 2500); the infrared 
spectrum showed AKBr 5.83 yw (17-ketone), 6.32, 6.18 u (aromatic 
—C=C—), and 3.06 u (OH group), identical with an authentic 
sample. On paper the product traveled at the same rate as au- 
thentic estrone and gave the characteristic blue color of phenols 
with Turnbull’s reagent (15). 

The tendency of Pseudomonas cells to introduce the 1-2 double 
bond before the 4-5 double bond also obtained in the Cis series. 
This permitted the preparation of l-estrene-3,17-dione (XIII), 
a compound which has not to our knowledge been heretofore de- 
scribed, from 5a-estran-178-ol-3-one (XII) (22). Direct addi- 
tion of XII to a growing culture of P. testosteroni resulted in only 
negligible conversion to XIII. Since the enzymes responsible for 
the introduction of double bonds are steroid-induced (adaptive) 
(7), the possibility existed that XII was ineffective as an inducer 
of the enzyme. Some support for this view was obtained with 
the demonstration that testosterone-adapted, washed cells (or 
extracts thereof) readily transformed XII to XIII. 

Thus, 45 ml. of a thick, washed cell suspension, representing 
approximately 1500 ml. of the original, adapted culture, were dis- 
rupted by sonic oscillation in a Raytheon 9 ke. sonic oscillator. 
An equal volume of 0.1 m tris(hydroxymethyl)aminomethane, pH 
9.2, and 51 mg. of 5a-estran-17-ol-3-one, dissolved in 2 ml. ace- 
tone, were added. The mixture was incubated for 3 hours at 
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30°, in air, with gentle agitation, and then extracted with ethyl 
acetate. The extract was evaporated to dryness and dissolved 
in a small volume of methanol. The methanol solution was ap- 
plied along the origin of four sheets of washed Whatman No. 3 
MM paper (16 cm. wide) and chromatographed for 9 hours in 
the heptane-methanol system. The ultraviolet-absorbing areas 
corresponding to the new compound were eluted with methanol. 
The methanol solution was dried and the residue crystallized 
twice from a mixture of hexane and acetone, yielding 17.3 mg. 
of a product, m.p. 188-189°; [a]> +221° (c, 0.954, CHCl,); 
Asc 231 my (e 11,350); infrared analysis showed Ar 5.82 
(17-ketone) and 6.01 yu (conjugated 3-ketone); sulfuric acid chro- 
mogens (19, 20) showed Amax 297 mu, Amin 225 my. 

The identification of this compound as 1-estrene-3 , 17-dione is 
supported by the following facts. Its formation from XII is con- 
sistent with the previously established reaction pattern in the 
C-19 series of steroids. On paper it migrates at a rate 1.3 times 
as fast as 4-estrene-3 , 17-dione, which is consistent with the rela- 
tive migration rates of l-androstene-3,17-dione and 4-andros- 
tene-3,17-dione in the same system. The absorption peak at 
231 my and €max of 11,350 are characteristic for a A!-3-ketosteroid, 
being at a shorter wave length and of lower intensity than those 
of A‘-3-ketosteroids (23). Sulfuric acid chromogens for A'-3- 
keto- and A‘-3-ketosteroids are very similar (20) but are different 
from related steroids, and this fact, taken in conjunction with the 
ultraviolet absorption and the distinctly different melting point 
from 4-estrene-3,17-dione, strongly support the identity of XII 
as l-estrene-3,17-dione. Finally, incubation of XIII with a 
purified double bond-introducing enzyme system (7) gave rise to 
the expected product, estrone, which was identified by its migra- 
tion on paper chromatograms and its reaction with Turnbull’s 
reagent. 

Manometric Experiments—Washed, resting cell suspensions of 
P. testosteroni grown in the absence of steroids, will adapt to ox- 
idize certain of these compounds, as evidenced by increased oxy- 
gen consumption. The duration of the adaptive lag is highly 
variable (from about 3 hours to more than 48 hours) and depends 
among other factors on the composition of the growth medium 
and the duration of growth. Dr. Jay Y. Roshal of this labora- 
tory has undertaken a detailed study of the conditions influenc- 
ing adaptation of cells grown on a medium containing sodium 


th 


Ix| 
Ps| 


HO 


OH 
__ 
xi 
O™#H 
OH 9 4 
= as 
Milt IX 
ie) 12) 


Scueme II 





2012 











800r » 

TESTOSTERONE 

Z, 600F 

re] @ 

= e 

” 

8 eo il 

z 

= a 

° / \4-ANDROSTADIENE- 

of ¢ 3,17-DIONE 

go a 

: PA 

é ‘ie 4 

2 Le 19-NOR-TESTOSTE RONE 
ean ieee eee 
at 
° 4 


ouns 2 

Fig. 1. Oxidation of testosterone, 1,4-androstadiene-3,17- 
dione, and 19-nor-testosterone by P. testosteroni cells grown on a 
medium containing 0.4 per cent lactate. Experimental details 
are given in the text. Temperature, 30°. 


lactate as the carbon source. Cultures grown for exactly 12 
hours at 30° in a medium containing 0.4 per cent sodium lactate, 
pH 7.0, but otherwise similar to that described, will adapt to 
oxidize testosterone in 3 to 5 hours. Cells grown in this manner 
were harvested by centrifugation, washed twice with 0.03 m 
Sorensen’s phosphate buffer, pH 7.0, and resuspended in this 
buffer at a concentration of 6.7 mg., dry weight, per ml. War- 
burg type manometers were used, each vessel containing 1.0 ml. 
of 0.066 m Sorensen’s phosphate buffer, pH 7.0, and either 1.0 
ml. of steroid solution (500 yg. of steroid) or 1.0 ml. of suspending 
medium in the main compartment; 0.5 ml. of bacterial suspen- 
sion in the side arm; and 0.2 ml. of 10 per cent KOH in the center 
well. Oxygen uptake was measured for 13 hours at 30°, and the 
results are shown in Fig. 1. 

Testosterone was oxidized after a lag of about 3.5 hours and 
with a maximum Qo, = 32 ul. of Oz per mg., dry weight, per 
hour. The oxidation of 1 ,4-androstadiene-3 , 17-dione proceeded 
at a rate comparable to that of testosterone (maximum Qo, = 26) 
after a somewhat longer time lag of 4.75 hours. In contrast to 
these findings, 19-nor-testosterone caused no detectable addi- 
tional oxygen consumption above the endogenous respiration, 
even after 13 hours. The endogenous respiration during the 
course of this experiment-fell from Qo, = 53.7 initially to 4.5 at 
the end of the experiment. Carboxymethy] cellulose had no ef- 
fect (in a separate experiment) on this endogenous respiration, 
but was always added to the control flask. These results show 
that resting cells suspensions can adapt readily to the oxidation 
of testosterone and of 1,4-androstadiene-3 , 17-dione. 

The lack of significantly increased oxygen consumption in the 
presence of 19-nor-testosterone is not occasioned by failure of this 
compound to enter the cells, since it is oxidized to estrone, but 
results from the inability of the microorganism to utilize estrone 
or other phenolic steroids as a carbon source. 

It has already been shown that under suitable conditions, 
growing cells convert testosterone to 1,4-androstadiene-3 , 17- 
dione in good yield. Moreover, the two enzymes concerned in 
this transformation have both been characterized and shown to 
be adaptive (2, 7). Hence, it would appear likely that 1,4- 
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androstadiene-3 ,17-dione is a key intermediate in the oxidation 
of testosterone and related steroids. When 1,4-androstadiene- 
3,17-dione was added to a growing culture of P. testosteroni, and 
ethyl acetate extracts of the culture periodically examined by 
paper chromatography, this steroid was found to be utilized and 
converted to unidentified compounds which do not absorb ultra- 
violet light. 

Thus, as might be expected on chemical grounds, the 1,4- 
diene-3-one structure appears to render the A ring especially 
susceptible to further oxidation and constitutes a region of early 
attack on the steroid. This suggestion is consistent with the ob- 
servations of Turfitt (24) that the microbiological oxidation of 
cholesterol yields small amounts of Windaus’ keto acid in which 
ring cleavage has occurred between C-3 and C-5, and C-4 has 
been oxidized toCO:. Stadtman et al. (25) have reported similar 
results in another microbial system. Unpublished experiments 
of Dr. J. Y. Roshal have shown that the release of CO. from 
testosterone-4-C™ incubated with P. testosteroni occurred early 
in the oxidation of this steroid, indicating that ring A undergoes 
early attack. 

The presence of the 1 ,4-diene-3-one structure in a steroid, how- 
ever, is not in itself sufficient to assure the further oxidative cleav- 
age of the compound, and other structural features may be over- 
riding in this respect. Thus, although 17a-methyltestosterone is 
readily converted to 1-dehydro-17a-methyltestosterone, the lat- 
ter compound is not further metabolized, as evidenced by its 
persistence in growing cultures and by its lack of oxidation by 
testosterone-adapted cells. The presence of a 17a-methyl group 
prevents complete oxidation of the steroid. Similarly, the pres- 
ence of substituents at other points on the steroid skeleton also 
affects the oxidation of these compounds, eg. 116-hydroxyl 
groups or 11-ketone groups render steroids incapable of utiliza- 
tion by this microorganism. It is shown in the accompanying 
paper (7) that such 11-oxygenated steroids are poor substrates 
for the introduction of unsaturation into ring A. 

Table I gives a summary of the specificity of steroid oxidation 
by P. testosteroni cells. It appears from these studies that the 
structural requirements for complete oxidation of steroids include 
appropriate molecular features in ring A, as well as at positions 
17 and 11. 


TaBLe I 
Steroid specificity of Pseudomonas testosteroni* 





Steroids oxidized Steroids not oxidized 





Estrone 
Estradiol-178 
17a-Methyltestosterone 


Testosterone 
4-Androstene-3, 17-dione 
Androstan-38-ol-17-one (epian- 


drosterone) 17a-Methyl-5-androstene-38, - 
5-Androsten-38-ol-17-one (dehy- 176-diol 

droepiandrosterone) Cortisone 
4-Androsten-17a-ol-3-one (17-epi-| Cortisol 

testosterone) 


Androstane-3, 17-dione 
Androstane-38, 178-diol 
Deoxycorticosterone 
Progesterone 
17a-Hydroxyprogesterone 








* From (2) and unpublished experiments. 
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DISCUSSION 


In animal tissues the hydrogenation of double bonds at C-1,2 
and C-4,5 of steroids is a widespread and common metabolic oc- 
currence, whereas the introduction of unsaturation has been less 
frequently recognized (1). Thus, Tomkins (26) has partially 
purified an enzyme from rat liver which reduces the C-4,5 double 
bond of cortisone, apparently irreversibly. Many microorgan- 
isms also reduce double bonds of steroids, especially under fer- 
mentative conditions (1). At present it is not known whether 
similar enzymatic mechanisms are involved in the addition and 
removal of hydrogen atoms to and from adjacent carbon atoms 
of steroids. 

The experiments reported here demonstrate that P. testosteroni, 
like a number of other microorganisms, can convert the saturated 
ring A of 3-ketosteroids to the 1,4-diene-3-one grouping. The 
introduction of unsaturations also occurs in 19-nor-steroids, 
which then undergo facile and favorable tautomerization that 
leads to the formation of the aromatic A ring. The last reaction 
has also been reported by Kushinsky (27) in Corynebacterium sim- 
plex and by Peterson in Septomyza affinis.. In contrast to the 
results of Kushinsky, we have found no hydroxylated intermedi- 
ates or side products in the reaction catalyzed by P. testosteroni. 

The conversion of 19-nor-testosterone to estrone is of interest 
in connection with the mechanism of aromatization reactions. 
Meyer (28) showed that 19-hydroxy-4-androstene-3 , 17-dione 
was converted to estrone in mammalian tissue preparations, but 
that the reaction did not occur with 4-estrene-3,17-dione. This 
suggested that hydroxylation at C-19 was followed by introduc- 
tion of unsaturation at C-1,2 before elimination of the oxidized 
angular methyl group (see review (1)). Dodson and Muir (10) 
have recently reported the conversion of 19-hydroxy-4-andros- 
tene-3 , 17-dione to estrone by a species of Pseudomonas. 

Consideration of the geometry of the steroid molecule, as well 
as of the stereospecificity of enzymes in general, makes it unlikely 
that a single enzyme can catalyze the reaction at C-1,2 as well 
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as C-4,5 (5a-H and 58-H). Evidence for the existence of three 
separate, adaptive enzymes concerned with these reactions is 
presented elsewhere (7). 


SUMMARY 


1. Pseudomonas testosteroni, a microorganism able to adapt to 
the utilization of certain steroids as its sole carbon source, can 
oxidize androstane-3 ,17-dione, 1-androstene-3 ,17-dione, testos- 
terone, and 4-androstene-3,17-dione to 1,4-androstadiene-3 , 17- 
dione, which was isolated and characterized as the principal 
product in each of these incubations. In addition, etiocholan- 
178-ol-3-one was shown to be oxidized to the same product. Un- 
der suitable conditions, 1 ,4-androstadiene-3, 17-dione is readily 
oxidized completely by this microorganism, but intermediates 
have not been isolated. 

2. This microorganism converts 19-nor-testosterone princi- 
pally to estrone, which is not further metabolized. 

3. With the aid of a disrupted preparation of testosterone- 
adapted cells, 5a-estran-178-ol-3-one was converted to 1-estrene- 
3,17-dione. Evidence for the identity of this new compound is 
presented. It is oxidized to estrone by an enzyme preparation 
from P. testosteroni. a 

4. 17a-Methyltestosterone was oxidized to 1-dehydro-17a- 
methyltestosterone, which was not further metabolized. 

5. Unadapted cells of P. testosteroni can adapt to oxidize testos- 
terone and 1 ,4-androstadiene-3 , 17-dione after a delay of several 
hours, but cannot oxidize 19-nor-testosterone beyond estrone. 

6. Some implications of these findings are examined in relation 
to the total oxidation of the steroid molecule and aromatization 
of ring A. 


Acknowledgment—The authors are grateful for generous gifts 
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This paper describes the properties and partial purification 
from Pseudomonas testosteroni of enzymes concerned with the in- 
troduction of unsaturation into ring A of 3-ketosteroids. These 
enzymes promote the formation of the A!:4-diene-3-one structure 
from steroids bearing C-19 angular methyl groups and the for- 
mation of ring A phenols from 19-nor-steroids. P. testosteroni is 
a strict aerobe which can satisfy its requirement for organic car- 
bon compounds exclusively with certain steroids (1, 2). This 
microorganism interconverts a number of hydroxy- and ketoste- 
roids by adaptive (steroid-induced) pyridine nucleotide-linked 
hydroxysteroid dehydrogenases (3,4). Subsequent steps in the 
oxidative degradation of steroids are dehydrogenations of ring 
A which lead to the formation of 1 ,4-androstadiene-3 , 17-dione 
from androstane-3 ,17-dione, 1-androstene-3 ,17-dione, testoster- 
one, 4-androstene-3 , 17-dione or etiocholan-178-ol-3-one. Under 
similar conditions 19-nor-testosterone, 4-estrene-3,17-dione or 
l-estrene-3 ,17-dione are converted to estrone. These transfor- 
mations by intact bacterial cells are described separately (2). 

Evidence will be presented that probably three distinct en- 
zymes are involved in these dehydrogenation reactions, namely, 
a A'-dehydrogenase and two A‘-dehydrogenases, acting specifi- 
cally on steroids in which the A:B ring fusion is trans (A‘-5a- 
dehydrogenase) and cis (A‘-58-dehydrogenase), respectively.! 
The A'- and A‘-5a-dehydrogenases have been partially purified 
and some of their properties examined. These enzymes appar- 
ently catalyze a direct removal of hydrogen from adjacent carbon 


* These investigations were supported by grants from the 
American Cancer Society. 

¢ Postdoctoral Fellow of the National Cancer Institute, Na- 
tional Institutes of Health, United States Public Health Service. 

t Supported by a permanent faculty-level grant from the Amer- 
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1 The nomenclature of the enzymes of steroid metabolism has 
not yet been standardized, in part because of lack of knowledge 
of the enzymatic mechanisms of a number of reactions. The term 
hydroxy steroid dehydrogenase with an appropriate prefix to 
indicate the position and steric configuration of the reacting group, 
e.g. 3a-hydroxy steroid dehydrogenase, has become accepted for 
those pyridine nucleotide-linked enzymes which catalyze freely 
reversible interconversions of specific hydroxy- and ketosteroids. 

The term A-dehydrogenase, with appropriate designation of 
position is suggested for enzymes introducing double bonds into 
steroids. If it should prove, as seems likely, that the hydrogena- 
tion of unsaturation is catalyzed by a distinct group of enzymes, 
it seems logical that these enzymes be termed A-reductases. 
These proposals are necessarily tentative, and the terms A-de- 
hydrogenase and A-reductase are suggested with awareness of the 
recommendation to eliminate the term A (to indicate unsaturation) 
from steroid nomenclature. 


atoms of steroid ring A in the presence of certain artificial elec- 
tron acceptors (5). Experimental evidence is not consistent 
with an alternative reaction mechanism involving ring hydroxyl- 
ation followed by dehydration (6). 


EXPERIMENTAL 


Isolation of Enzymes—P. testosteroni (ATCC 11996) was grown 
on a medium containing 0.5 per cent sodium lactate for 16 to 
24 hours (2). An acetone solution of testosterone (25 mg. per 
ml.) was then added to give a final steroid concentration of 100 
mg. per |. and growth was permitted to proceed for 27 to 30 
hours longer. The cells were harvested by passage through a 
Sharples continuous supercentrifuge, washed twice with cold 
0.03 m Sorensen’s phosphate buffer, pH 7.2, or 0.05 m Tris? 
buffer, pH 7.6, and suspended in the same medium to a final 
concentration of 100 to 130 mg., dry weight, per ml. These 
suspensions were treated in a 9 kc. Raytheon Magnetostriction 
Oscillator for 20 to 30 minutes. The product was centrifuged 
for 30 minutes at 20,000 x g. The residue was suspended in one- 
half the original volume, again subjected to sonic treatment, and 
centrifuged in the same manner. The supernatant fluids from 
both centrifugations were combined and processed as described 
below. Protein concentrations were determined turbidimetri- 
cally (7). 

Materials and Preparations—DPN, TPN, and the acetylpyri- 
dine analogue of DPN were obtained from the Pabst Labora- 
tories, Milwaukee, Wisconsin. FAD and riboflavin monophos- 
phate were supplied by the Sigma Chemical Company. Methyl 
viologen was purchased from Jacobson Van Den Berg and Com- 
pany, Ltd., London, England, and phenazine from L. Light 
and Company, London. Phenazine methosulfate (8) was syn- 
thesized according to Singer and Kearney (9). Calcium phos- 
phate gel was prepared by the method of Tsuboi and Hudson 
(10). 

All steroids used in enzymatic assays were checked for identity 
and purified when necessary. C.p. solvents were redistilled. 
Methylene dichloride was distilled over K,CO; and redistilled 
through a high efficiency fractionating column to remove ultra- 
violet-absorbing impurities. 


RESULTS 


Measurement of A-Dehydrogenase Activities 
Disrupted preparations of steroid-adapted cells of P. testos- 
teroni efficiently converted androstane-3 , 17-dione to 1 ,4-andros- 


2 The abbreviations used are: Tris, tris(hydroxymethyl)amino- 
methane; EDTA, ethylenediaminetetraacetic acid. 
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tadiene-3 ,17-dione (5). Upon centrifugation the activity in the 
supernatant fluid diminished (20,000 x g for 15 minutes) or was 
completely abolished (105,000 x g for 30 minutes). It could be 


_ restored by recombining the precipitate and the supernatant 
' fluid, or by the addition to the supernatant fluid of certain elec- 


tron acceptors, among which phenazine methosulfate (8, 9) was 
by far the most efficient. Purification of the enzymes depended 
upon the development of convenient and specific procedures for 
their assay. The manometric assay method with phenazine 
methosulfate (9) could not be used because of the rather low 
solubilities of steroids in water. The following methods were 
investigated. 

1. Ultraviolet Absorption Measurement—The conversion of 
androstane-3,17-dione to 1,4-androstadiene-3,17-dione (A*'<, 
244 mu, € 17,000) (11) is associated with a marked increase in 
ultraviolet absorption. Spectral measurements can thus provide 
an over-all measure of A!- and A*-5a-dehydrogenase activities. 
With purified enzyme preparations containing either A!- or 


| M-5a-dehydrogenase but not both, ultraviolet absorption 
/ measurements may be used to assay each enzyme. 


Since 
|-androstene-3,17-dione (A*'<, 230 mu, € 10,200) and 4-andros- 
tene-3,17-dione (A*®. 240 my, € 17,170) differ only slightly in 
their ultraviolet spectra from 1 ,4-androstadiene-3 , 17-dione (11), 
spectrophotometric measurements are not suitable for the assay 
of Al- and A*-5a-dehydrogenases individually when these en- 
zymes occur together. A simple method for making these 
measurements consists of acidifying the reaction system with 
HCl (to arrest the reactions and to retain pigments in the 
aqueous phase), and extracting the steroids with purified methyl- 
ene dichloride. The methylene dichloride extract is dried over 
anhydrous Na2SO, and its optical density measured against a 
suitable blank at 240 mu. 

2. Phenol Formation—The conversion of 19-nor-testosterone 
or 4-estrene-3,17-dione to estrone (2, 5) can be sensitively 
followed by measuring the formation of the phenolic steroid 
with Folin’s reagent (12), which provides a specific assay for 
A'-dehydrogenase. 

Incubations were carried out in glass-stoppered vessels gently 
agitated at 30°. The complete system included in a final volume 
of 4.0 ml.: 100 wmoles of Sorensen’s phosphate buffer, pH 7.2 
(or other buffers as indicated) ; enzyme; 1.84 umoles of 4-estrene- 
3,17-dione or 19-nor-testosterone in 0.1 ml. of acetone or di- 
oxane; and 0.94 mg. of phenazine methosulfate which was added 
to initiate the reaction. This quantity of the dye was found to 
be saturating for A'-dehydrogenase. Controls contained all 
ingredients except steroid. At the end of the incubation period 
(usually 30 minutes), 0.2 or 0.3 ml. of concentrated HCl was 
added, and the samples were extracted with purified methylene 
dichloride. The extracts were dried with anhydrous sodium 
sulfate, and a suitable aliquot was evaporated to dryness (5). 
The residues were dissolved in methanol and assayed colori- 
metrically for phenol by the method of Lowry et al. (12), at 700 
mu. The presence of 178-hydroxysteroid dehydrogenase did 
not affect the assay, since identical standard curves were ob- 
tained with estrone and estradiol-178. A linear relation between 
optical density and concentration was obtained up to at least 
0.24 umole of phenolic steroid in the final assay system. As little 
as 0.02 wmole of phenolic steroid could be accurately determined. 
Proportionality between the amount of estrone formed in the 
A'-dehydrogenase assay and the protein concentration is shown 
in Fig. 1. The use of 1-estrene-3,17-dione (2) as substrate for 
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Fic. 1. Formation of estrone from 4-estrene-3,17-dione by a 
partially purified A'-dehydrogenase as a function of protein con- 
centration. The reaction system and analysis for phenol have 
been previously described (5). Incubations were carried out for 
30 minutes at 30°. The values have been corrected by appropriate 
blanks for the small content of phenol in the sample of 4-estrene- 
3,17-dione (0.036 umole per 1.84 umoles of steroid). Control in- 
cubations containing all ingredients except steroid gave negligible 
values for phenol (approximately 0.01 umole). The values were 
obtained from a standard curve for estrone. 


assay of A‘-5a-dehydrogenase activity was less practical, since 
this steroid was oxidized rather slowly. 

Unlike succinic dehydrogenase (9, 13), A'-dehydrogenase did 
not appear to be adversely affected by the HO, generated dur- 
ing the reoxidation of reduced phenazine methosulfate in air. 
Addition of cyanide or of large amounts of catalase did not ma- 
terially influence the reaction rate in this assay. 

3. Direct Dye Reduction—Reduction of phenazine methosulfate 
causes bleaching of the yellow color (9), but since the dye is 
easily reoxidized in air, the reactions must be carried out ana- 
erobically if this color change is to be used as a measure of the 
steroid oxidation. It was readily demonstrated that the A-de- 
hydrogenase-catalyzed reactions do not require oxygen. Accu- 
rate measurements at the absorption peak of 388 my were not 
feasible because of the high extinction coefficient of the dye. At 
430 mu, where phenazine methosulfate exhibits a broad shoulder 
in its absorption spectrum (9, 14), the reduction of the dye could 
be readily observed at concentrations which, although not sat- 
urating, were sufficiently high for rapid oxidation of the steroids. 
Under suitable conditions, the reactions were linear, with the 
use of either 1l-androstene-3,17-dione or 4-androstene-3, 17- 
dione as substrates, and this method was adopted for most of 
the work reported here. 

The assays were performed at 25° in either anaerobic Beckman 
cells with side arms, or small Thunberg tubes (13 mm., outside 
diameter, obtainable from the Arthur H. Thomas Company, 
Philadelphia), which fit snugly into the standard Beckman 
cuvette carriage. A special cover is required for the cell com- 
partment. The complete system included: 200 umoles of Tris, 
pH 8.3 (or other buffers), 0.87 wmoles of steroid in 0.05 ml. of 
dioxane, and 0.24 mg. of phenazine methosulfate, in a final 
volume of 2.8 ml., in the main vessel. In the side arm 0.2 ml. 
of the enzyme was placed. Controls contained all ingredients 
except steroid. The tubes were evacuated on an aspirator, 
opened under oxygen-free nitrogen, and re-evacuated. 

The reaction was initiated by tipping the enzyme from the 
side arm into the body of the tube, and was followed usually over 
a 10-minute period. The reduction of the phenazine dye begins 
immediately, unlike the succinic dehydrogenase reaction (9). 
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Fic. 2A. Time course of the anaerobic reduction of phenazine 
methosulfate observed by the decrease in absorbancy at 430 mug. 
Incubations were carried out as described in the text in Tris buffer 
of pH 8.3 at 25°. Eighty-six ug. of partially purified enzyme 
protein were used in both assays. A‘-5a-Dehydrogenase (A‘-5a- 
DH) was measured with 1-androstene-3,17-dione, and A!-dehy- 
drogenase (A'-DH) was measured with 4-androstene-3,17-dione as 
substrates. 
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Fig. 2B. Initial velocity of anaerobic reduction of phenazine 
methosulfate (PMS), expressed as umoles per hour, as a function 
of the amount of enzyme protein. Conditions similar to those of 
Fig. 1. The enzyme preparation had specific activities of 4.7 and 
14 units per mg. of protein for A!-dehydrogenase (A'-DH) and A‘- 
5a-dehydrogenase (A‘-5a-DH), respectively. 


Incomplete anaerobiosis occurred rarely, and was detected 
readily by a delay in the reduction of the dye. The extent of 
the reaction suitable for spectral measurements is limited by 
the low solubility of reduced dye (9). Reaction rates were calcu- 
lated from the initial linear decreases in optical density at 430 
my with time and with the use of a molar extinction coefficient 
of « = 2800 for phenazine methosulfate at this wave length. 
The amount of each enzyme which reduces 1 wmole of the dye 
in 1 hour under these conditions is defined as 1 one unit of ac- 
tivity. This assay is the simplest and most convenient of those 
described here and has the additional advantage of permitting 
studies of the reaction course with time. Assays of A!- and 
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A‘-5a-dehydrogenase activities by this method are shown in 
Fig. 2A (time course) and 2B (proportionality to protein con- 
centration). 


Nature and Properties of A-Dehydrogenases 


Induction of Enzymes by Steroids—Steroid-adapted and un- 
adapted cultures of P. testosteroni were grown under identical 
conditions described above, except that the unadapted cultures 
received an equivalent volume of acetone in place of the testos- 
terone solution. The sonic products prepared in the same 
manner from adapted and unadapted cells were examined for 
A'-dehydrogenase activities by the phenol assay. The specific 
activities of the steroid-adapted preparations were about 50 
times higher than those prepared from unadapted cells. Like 
other enzymes of P. testosteroni concerned with steroid metabo- 
lism, A'-dehydrogenase is'steroid-induced. 

Intracellular Distribution—The intracellular distribution of 
A'-dehydrogenase and of the natural hydrogen acceptors was 
examined by differential centrifugation of cellular sonic prod- 
ucts (Table I). The crude product did not require an added 
dye for efficient conversion of 4-estrene-3,17-dione to estrone. 
Upon centrifugation for 15 minutes at 20,000 x g the super- 
natant fraction (Seo) lost nearly one-half of the original activity, 
but this could be fully restored by the addition of phenazine 
methosulfate. Further centrifugation (30 minutes at 105,000 x 
g) produced a high speed supernatant fraction (Sios) which was 
virtually inactive in the absence of the dye, and which even in 
the presence of the dye retained a little less than 50 per cent of 
the total enzyme activity. The twice-washed residue (R) ob- 
tained from the high speed centrifugation contained the enzyme 
activity lacking in Sio9; and upon recombination of Si; and R, 
the complete activity was restored in the presence of phenazine 
methosulfate. Boiled R did not stimulate Si; and was itself 


TABLE [ 


Intracellular distribution of A'-dehydrogenase and its 
natural electron acceptor 
| 














Estronet 
Enzyme fraction* 
Without dye With dye 
pmoles formed/hr. 
I sanetpice insite 0.53 | 1.15 
Oe ee oe 0.06 0.47 
SRS) Re ey eee 0.45 0.74 
ot > See: we Sy 


0.52 | 





* The whole sonic product was prepared as described in the 
text. Centrifugation for 15 minutes at 20,000 X g gave the super- 
natant fluid Seo. Seo was centrifuged for 30 minutes at 105,000 X 
g to give a supernatant (Sis) and a residue which was washed 
twice by centrifugation (105,000 X g, 30 minutes) with phosphate 
buffer, pH 7, and resuspended in an equivalent volume of the 
buffer to yield R. In separate experiments it was shown that the 
entire enzyme activity of the initial sonic product was retained in 
the Seo fraction. 

t The assay system contained in a final volume of 4.0 ml.: 100 
pumoles of Sorensen’s phosphate buffer, pH 7.2; 1.8 umoles of 
4-estrene-3,17-dione in 0.1 ml. of dioxane; 0.94 mg. of phenazine 
methosulfate (omitted from control); and 0.1 ml. of each enzyme 
fraction. Temperature, 30°. Reactions were arrested by the 


addition of hydrochloric acid, and the products were extracted 
and assayed as described in the text (5). 
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enzymatically inactive. EDTA, a,a’-dipyridyl, and KCN did 
not inhibit the activity of R. These observations indicate that 
A'-dehydrogenase is precipitated with fine particulate matter 
at high centrifugal speeds (50 per cent is sedimented at 105,000 x 
g in 30 minutes). The heat-labile natural electron acceptor is 
bound to heavier particles which are more easily sedimented. 
The earlier report (5) that A'-dehydrogenase was a soluble en- 
zyme was based on the observation that a part of the activity 
remained unsedimented after 30 minutes of centrifugation at 
105,000 x g. By a separate experiment it was shown that both 
A and A‘-5a-dehydrogenases could be progressively sedimented 
by longer high speed centrifugation. The centrifugation ex- 
periments reveal that the enzyme and electron carrier systems 
are probably located on particles of differing centrifugal proper- 
ties, but that the natural electron acceptor is readily available 
for reactions catalyzed by the particulate enzymes. 

Electron Acceptors—A number of artificial and natural elec- 
tron carriers other than phenazine methosulfate were tested 
with the crude bacterial extracts and found to be inactive by 
appropriate assay procedures. These included DPN, TPN, 
riboflavin monophosphate, FAD, ferricyanide, and cytochrome 
c. Although 2,6-dichlorophenol indophenol is itself inert, its 
nonenzymatic reduction by reduced phenazine methosulfate (9) 
can be coupled to the reduction of the phenazine dye by the 
steroid. The reaction may then be followed anaerobically by 
observing the decrease in optical density at 600 my. This pro- 
cedure has the merit of permitting the use of much larger quan- 
tities of phenazine methosulfate than is possible in optical meas- 
urement of the direct reduction of the phenazine dye. 

Purification of Enzymes—During the course of attempts to 
purify the enzymes by conventional procedures, it was found 
that the A’- and A*-5a-dehydrogenases were stable under the 
following conditions: prolonged dialysis, ammonium sulfate pre- 
cipitation, repeated freezing and thawing, and drying from the 
frozen state. As indicated by the centrifugation studies, the 
enzymes were associated with fine intracellular particles. This 
localization was consistent with many of the properties of the 
enzymes. (a) Upon freezing and thawing of slightly purified or 
concentrated enzyme preparations, the enzymes were precipi- 
tated but retained full activity. These precipitates could be re- 
suspended by exposure to sonic oscillations, but the enzymes, 
once again precipitated on freezing and thawing. (6) Upon frac- 
tionation with ammonium sulfate the enzyme activity was in- 
variably precipitated out in the earliest fractions (20 to 30 per 
cent of saturation). (c) Addition of protamine sulfate or of 
streptomycin sulfate (final concentration of both, 1 per cent or 
greater) to an enzyme preparation, invariably precipitated the 
enzymes and did not result in a separation of the enzyme ac- 
tivities from nucleic acids as judged by the light absorption 
ratio at 280 to 260 mu. (d) The enzymes were also precipitated 
by lowering the pH to 5.3 or by adding CaCl, (0.02 m). The 
CaCl, precipitation procedure proved a convenient method for 
the concentration of the enzyme activities. (e) Acetone frac- 
tionation at —10 to —20° destroyed the enzyme activities com- 
pletely, whereas ethanol at this temperature caused large losses 
in activity. 

These properties of the enzymes served to confirm the results 
of the sedimentation studies and also suggested that the en- 
zymes were bound to fine intracellular granules, such as have 
been described in Pseudomonas fluorescens and in various other 
microorganisms (15, 16). These cytoplasmic granules contain 
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a number of oxidative enzymes and the major portion of cellular 
ribonucleic acid. No significant purification or separation of 
the particulate A'- and A*5a-dehydrogenases was achieved by 
the procedures described, and solubilization of the enzymes was 
attempted. 

Treatment of the aqueous enzymes or lyophilized enzyme 
powders at low temperatures with isobutanol or n-butanol, alone 
or in combination with acetone, was ineffective in causing solu- 
bilization and often caused considerable losses in enzyme activity 
(17). Enzymatic digestion of the lipide or nucleic acid frame- 
work of the enzyme-bearing particles with lipase, ribonuclease, 
trypsin, and snake venoms proved unsuccessful. Although these 
enzymatic methods were without effect, this may have been the 
result of unsuitable conditions, which are frequently quite criti- 
cal for solubilization of enzymes (18, 19). 

It was found that the synthetic nonionic detergent Tween 20 
(polyoxyethylene sorbitan monolaurate) at a final concentration 
of 1 per cent caused an apparent solubilization of the enzymes, 
according to the following criteria. (a) The enzymes were no 
longer precipitated by freezing and thawing, by the addition of 
CaCl, (final concentration 0.02 m), or at pH 5.3. (b) A'-Dehy- 
drogenase and A‘-5a-dehydrogenase could be partially separated 
by ammonium sulfate fractionation and were precipitated at 
higher concentrations of this salt than before the addition of 
Tween 20. (c) Centrifugation at 105,000 x g for 2 hours re- 
sulted in complete recovery of the enzyme activities in the super- 
natant solution. However, true solubilization in the conven- 
tional sense was not achieved by treatment with Tween 20, 
since removal or excessive dilution of the detergent resulted in 
reprecipitation of the enzymes. 

The cultures were grown in the manner described. The cells 
were harvested by centrifugation and washed twice with 0.033 
mM Sorensen’s phosphate buffer of pH 7.2. The washed cell 
suspension was sonerated in the same medium and centrifuged 
for 30 minutes at 20,000 x g. The residue was resuspended in 
approximately one-half the original volume of buffer and was 
treated sonically and centrifuged for a second time. A CaCl, 
solution was added to the combined supernatant fluids to give 
a final concentration of 0.02 m, and the resulting precipitate was 
permitted to accumulate overnight at 4°. The precipitate was 
easily sedimented at 5000 x g. Upon longer storage of the 
supernatant fluid in the cold, further precipitation occurred, 
and this process was continued for 2 to 3 days until precipitation 
was complete. 

The pooled precipitates were suspended in 0.02 m Tris-0.1 
m EDTA, pH 7.8, and dialyzed against 0.01 m Tris, pH 7.6, and 
finally against glass-distilled water. The preparation was then 
lyophilized and the resulting powder stored at —20°. The addi- 
tion of CaCl, also resulted in precipitation of the enzyme ac- 
tivity when the crude bacterial extract was prepared in Tris 
buffer, but precipitation of the activities was not complete in the 
absence of phosphate. The calcium precipitation and lyophili- 
zation procedures resulted in almost complete preservation of 
A‘*-5a-dehydrogenase activity and about 65 per cent recovery 
of the A'dehydrogenase. The specific activity of neither en- 
zyme was increased more than 2-fold over the 20,000 x g 
supernatant. The lyophilized powder retained its enzymatic 
activity upon storage at —15° for at least several months. 

For further purification, the dried powder was suspended in 
0.05 m Tris-1 per cent Tween 20 by sonic disintegration and 
fractionated by the addition of ammonium sulfate; the solution 
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TaBLe II 
Effect of inhibitors on A'- and A‘-5a-dehydrogenases 
The measurements were carried out as described for the direct 
phenazine methosulfate reduction method in Tris buffer of pH 
8.3. 4-Androstene-3,17-dione and 1-androstene-3,17-dione were 
the respective substrates for A!- and A‘-5a-dehydrogenases. The 
final concentration of inhibitors was 1 X 10-3 m except as noted. 





Inhibition of dehydrogenase 








Compound | 
Al. At-5a- 
NEO eee | 100 100 
GS er er 97 95 
A eee sre reer 57 53 
ES re + | 40 42 
NaN; PR Co tiawsie arya ves 19 26 
SPR 0 24 
ee eee 0 23 
o-Phenanthroline.. ... | s 29 
8-Hydroxyquinoline. . +17 10 
a,a’-Dipyridyl.......... 11 22 
o-lodosobenzoate....... 90 100 
p-Chloromercuriphenyl | 
sulfonate............. 36 2 
p-Chloromercuriben- 
| Ee aA 49 38 
p-Chloromercuriben- 
zoate (2 X 10-* M).... 36 43 
Iodoacetate............ 17 8 
Iodoacetamide.......... 17 ll 











was maintained near pH 8 by the addition of NH,OH. A!-De- 
hydrogenase precipitated predominantly between 40 and 50 per 
cent saturation of ammonium sulfate, whereas A‘-5a-dehydro- 
genase was found mostly in the 30 to 40 per cent fraction, although 
considerable overlap of activities existed. The precipitates were 
dissolved in 0.05 m Tris, and inactive protein was removed by 
the stepwise addition of calcium phosphate gel. The over-all 
yields of the enzymes based on the 20,000 x g supernatant were 
about 15 per cent for A'-dehydrogenase and 25 per cent for A*-5a- 
dehydrogenase with increases in specific activities of about 6-fold 
for A'-dehydrogenase and 7- to 12-fold for A*5a-dehydrogenase. 
Further attempts to purify the enzymes by adsorption and 
elution from calcium phosphate gel were only partially success- 
ful, and small yields of 30- to 40-fold purified A'-dehydrogenase 
were obtained in this manner. The ratio of the light absorption 
at 280 my to that at 260 my was about 1.3 for the partially puri- 
fied enzymes. 

Distinction between A'- and A‘-Dehydrogenase Activities—A 
complete separation of A'- and A*‘-5a-dehydrogenases has not 
been accomplished. There is considerable evidence, however, 
that these activities are the reflection of two distinct catalytic 
proteins. After treatment of the lyophilized enzyme with 
Tween 20, some separation of activities could be achieved by 
ammonium sulfate fractionation. Thus, on one ammonium sul- 
fate fractionation, the ratio of A*5a- to A'-dehydrogenases in 
different fractions was 2.0 (20 to 30 per cent saturation), 2.9 
(30 to 40 per cent), and 1.1 (40 to 50 per cent). The two en- 


zymes differ in their behavior toward calcium phosphate gel. 
A'-Dehydrogenase is preferentially adsorbed, and if sufficient gel 
is added to adsorb both enzymes, the A'-dehydrogenase may be 
preferentially eluted. 
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The A*‘-5a-dehydrogenase is less stable than A'-dehydrogenase, 
Incubation with trypsin or snake venom under certain conditions 
completely destroyed the former without affecting A'-dehy- 
drogenase. Treatment of the crude bacterial sonic products 
with CaCl, or lowering of pH to 5.3 led to a complete recovery 
of the A'-dehydrogenase in the precipitate and only partial 
precipitation of A‘-5a-dehydrogenase. Exposure to acid (pH 5) 
of the Tween-treated enzyme caused complete loss of A*-5a- 
dehydrogenase and was without effect on A'-dehydrogenase, 
Addition of the nonionic detergent Triton X-100 caused some 
destruction of the activity of A*5a-dehydrogenase but was 
without influence on A!-dehydrogenase. Estrone was found to 
be a powerful inhibitor of A*5a-dehydrogenase but had little 
influence on A'-dehydrogenase (see below). 

A‘-58-Dehydrogenase is present in the initial crude sonic prod- 
ucts. This enzyme has not been routinely assayed at all stages 


of purification, because of the lack of a suitable substrate, but 7 


it is absent from the lyophilized powder prepared during the iso- 
lation of the enzymes, and thus A‘-58-dehydrogenase appears to 
be entirely distinct in properties from the other A-dehydrogen- 
ases. 

Inhibitors—The effect of various inhibitors on the enzymes is 
summarized in Table II. The enzyme preparation used for 


these studies was a lyophilized powder which had been dispersed | 


in Tween 20 and then fractionated with ammonium sulfate, fol- 
lowed by adsorption of extraneous protein on calcium phosphate 
gel. The activities recorded in Table II were measured optically 
by the direct reduction of phenazine methosulfate. Similar re- 
sults were obtained when the effect of a number of these inhibitors 
on cruder preparations of A'-dehydrogenase was examined 
by the phenol assay. Both enzymes are strongly inhibited by 
high concentrations of Hg** and Cu**, and to a lesser extent by 
Zn** and Mn*+. Both enzymes are affected in the same way 
by sulfhydryl reagents: o-iodosobenzoate caused almost com- 
plete inhibition, whereas p-chloromercuribenzoate and p-chloro- 
mercuripheny! sulfonate were less powerful inhibitors. Iodoace- 
tate and iodoacetamide were almost without influence on the 
enzyme activities. Potassium cyanide, sodium azide, and vari- 
ous metal-binding reagents were without significant effect (Table 
II). 

The effect of estrone on A!- and A*t-5a-dehydrogenase activities 
is shown in Table III which also shows the relatively small inhibi- 
tory effect of the oxidation product, 1,4-androstadiene-3, 17- 


Tas_e III 
Inhibition of A‘-5a-dehydrogenase by estrone 
The measurements were carried out by direct observations of 
phenazine methosulfate reduction in Tris at pH 8.3, as described 
in Experimental. 1-Androstene-3,17-dione and testosterone were 
the respective substrates for A‘-5a- and A!-dehydrogenases. The 
enzyme was a partially purified preparation obtained by frae- 


tionating the crude bacterial extract with ammonium sulfate,! 


ethanol, and again with ammonium sulfate. Temperature, 25°. 














Relative reaction rates 
Inhibitor 
A‘-5a-Dehydrogenase | A!-Dehydrogenase 
None....... Sees 100 100 
1,4-Androstadiene-3 , 17- 
dione, 0.17 umole. .... 83 | 77 
Estrone, 0.2 umole..... | 43 | 82 
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dione. Whereas A‘5a-dehydrogenase is readily inhibited by 
estrone, A'-dehydrogenase is relatively insensitive to this phenolic 
steroid. In another experiment, under similar conditions, as 
little as 0.0075 umole of estrone caused a 40 per cent inhibition 
of A‘-5a-dehydrogenase. Another Cis steroid, 1-estrene-3, 17- 
dione in low concentrations also exhibited a strong inhibitory 
action on A*-5a-dehydrogenase. It is quite possible that this 
jnhibitory action is a result of the conversion of the added in- 
hibitor to estrone. It has also been observed that sodium 
phosphate (0.03 m) inhibited purified A'-dehydrogenase (40 per 
cent) and A‘*5a-dehydrogenase (60 per cent). In contrast, 
equivalent concentrations of sodium chloride and sodium sulfate 
are without significant effect. The kinetics of the inhibition of 
the enzymes by estrone, 1-estrene-3 ,17-dione, and by phosphate 
have not been studied in detail. 

Effect of Hydrogen Ion Concentration—Both enzymes exhibited 
maximum activity at a pH of about 9.5. At pH 7.4 the activity 
of A'-dehydrogenase was negligible, and that of A*-5a-dehy- 
drogenase less than 10 per cent that at pH 9.5. Measurements 
were made in Tris buffer at a final concentration of 0.067 m 
When orthophosphate or pyrophosphate buffers were substi- 
tuted for Tris, the reaction velocities of crude enzyme prepara- 
tions were the same, but the purified Tween-treated enzymes 
were inhibited by phosphate, as already mentioned. The pH 
optima undoubtedly reflect not only the ionization characteris- 
tics of the catalytic proteins, but also such factors as the reac- 
tivity of phenazine methosulfate under different conditions. 

Steroid Specificity—The reactivities of a variety of steroids 
with partially purified preparations of A‘-5a- and A'-dehydrogen- 
ases were examined by the direct reduction of the phenazine dye 
under anaerobic conditions. From preliminary kinetic studies 
with l-androstene-3,17-dione and 4-androstene-3,17-dione as 
substrates, the over-all Michaelis constants of 4 x 10-° m and 
2.5 X 10-5 M, respectively, were obtained. Maximal activity 
with both steroids was attained at a concentration of about 
1 X 10-*M, and both substrates showed some inhibition at higher 
concentrations. The dehydrogenation of other steroids (Table 
IV) was examined only at a concentration of 1 x 10-4 Mm, which 
may not be optimal in all cases. Under the stated conditions 
1,4-androstadiene-3 ,17-dione did not reduce phenazine metho- 
sulfate, whereas androstane-3 ,17-dione was quite active in this 
respect. 

Certain conclusions relating to the structural requirements for 
substrates may be reached. (a) The presence of a 3-ketone func- 
tion is essential for reaction, since androstane-3,17-dione is an 
excellent substrate (attacked by both enzymes), whereas andros- 
tan-3a-ol-17-one (androsterone) and androstan-36-ol-17-one (epi- 
androsterone) are both inactive. (b) Replacement of the angular 
C-10 methyl group by H reduces reactivity with both enzymes, 
since 1-estrene-3,17-dione, 4-estrene-3,17-dione, and 4-estren- 
178-ol-3-one are all oxidized more slowly than the correspond- 
ing Cy analogues. This structural change appears especially 
detrimental for A‘-5a-dehydrogenase, since the rate of oxidation 
of 1-estrene-3 ,17-dione is only about 3 per cent that of 1-andros- 
tene-3,17-dione. (c) The presence of oxygenated substituents 
at C-11 profoundly affects reactivity with A'-dehydrogenase. 
Thus 118-hydroxyl or 11-ketone substitution renders certain 
steroids inactive, whereas an 1la-hydroxyl group is much less 
detrimental in this respect (cf. testosterone and 1la-hydroxy- 
testosterone). (d) The nature of substituents at C-17 is also 
of importance in determining the reactivity of steroids with 
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TaBLe IV 
Steroid specificity 
Rates were measured anaerobically at 25° in systems of 3.0 ml. 
volume, containing: 200 yzmoles of Tris (pH 8.3), 0.30 umole of 
steroid in 0.02 ml. of dioxane, 0.24 mg. of phenazine methosulfate, 
and 0.05 ml. of enzyme (0.45 mg. protein). All values are aver- 
ages of duplicate assays. 

















Steroid Oxidation rate 
pmoles/hr. 
A!-Dehydrogenase 

4-Estrene-3,17-dione 0.39 
19-nor-testosterone (4-estren-178-ol-3- n).. awe 0.28 
Androsterone (androstan-3a-ol-17-one)........... 0 
Epiandrosterone (androstan-38-ol-17-one)....... 0 
4-Androstene-3,17-dione......................... 1.06 
, | ere ee 0.55 
118-Hydroxy-4-androstene-3, 17- dione. . ay 0.10 
118-Hydroxytestosterone. .. 7 0 
lla-Hydroxytestosterone........................ 0.31 
Progesterone (4-pregnene-3, 20- dione)... 0.60 
l7a-Hydroxyprogesterone (4-pregnen-17a-ol- 3, 20. 

| EES ee ee Ae 0.78 
Deoxyeorticosterone (4- pregnen- 21-ol- 3, 20- dione). 0.49 
Compound § (4-pregnene-17 ,21-diol-3,20-dione) . . 0.85 
SE aos oc eina's bys 8 San Ee Ao MON Owa SoA eR Clas 0 
SS ee OR EPA Err) et | 0 
17a-Methyltestosterone....... 0.43 

A‘-5a-Dehydrogenase 

1-Estrene-3,17-dione . 0.09 
1-Androstene-3 ,17-dione. . . 2.80 





A'-dehydrogenase. Steroids with 18, 19, or 21 carbon atoms all 
react well with this enzyme. However, in both the Ci and 
Cp series, the 178-hydroxy steroids are about 50 to 70 per cent 
as reactive as the 17-ketones. In the case of Ca steroids, 
progesterone is a substrate of comparable reactivity to testos- 
terone. Introduction of a hydroxyl group at C-21 decreases 
the reaction velocity, whereas a 17a-hydroxyl substituent tends 
to increase the reaction velocity (cf. progesterone, 17a-hydroxy- 
progesterone, deoxycorticosterone and compound §). Cortisone 
and cortisol are not dehydrogenated at a significant rate, and 
this may be attributed to the influence of the oxygen functions 
at position 11. It is of some interest in this connection that P. 
testosteroni cannot utilize cortisone or cortisol for growth, whereas 
progesterone, 17a-hydroxyprogesterone and deoxycorticosterone 
are good carbon sources (2). 

Reversibility of A-Dehydrogenations—The possibility was ex- 
amined that A-dehydrogenases could catalyze a reduction of 
A'- or A‘-unsaturated steroids. Under a variety of experimental 
conditions attempts were made to demonstrate reversal of the 
reactions catalyzed by A'- and A‘-5a-dehydrogenases. In these 
experiments 1 ,4-androstadiene-3 ,17-dione or 1 ,4-androstadien- 
178-ol-3-one were used as substrates. Where possible, the prog- 
ress of the reaction was followed by optical methods. In all 
cases the reaction mixture was also extracted with ethyl acetate 
after a suitable incubation period, and the extract subjected to 
paper chromatography in order to detect reaction products. A 
variety of electron donors was tested, including DPNH and 
TPNH, either as such or generated with appropriate enzyme 
systems; reduced 3-acetylpyridine DPN which was generated 
enzymatically from the oxidized analogue (this analogue has a 
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somewhat higher oxidation-reduction potential than the DPN- 
DPNH system) (20); reduced phenazine methosulfate obtained 
by reaction with succinate and succinic dehydrogenase (present 
in the crude bacterial extract, but completely removed during 
the purification procedure); reduced phenazine methosulfate in 
conjunction with riboflavin phosphate and FAD; reduced pyo- 
cyanine; reduced methyl viologen; and reduced riboflavin phos- 
phate. A number of different procedures were employed, based 
mainly on those of Singer et al. (9), Warringa et al. (21), and 
Massey and Singer (22). There was no indication of the reduc- 
tion of the unsaturated steroids in any of these experiments. 


Nature of Cofactor and Mechanism of Action 


Consideration was given to possible mechanisms of the enzy- 
matic removal of hydrogen from the steroid ring system. Al- 
though the natural, particle-bound, electron acceptor for these 
reactions remains unidentified, phenazine methosulfate can serve 
efficiently in this role. The activity of the phenazine dye in 
these systems was suggestive of the involvement of a flavine 
prosthetic group, and this view was strengthened by the estab- 
lished flavoprotein character of other enzymes involved in the 
addition or removal of hydrogen from adjacent carbon atoms of 
various substrates (e.g. succinic dehydrogenase (13), dihydro- 
orotic dehydrogenase (23), acyleoenzyme A dehydrogenase (24)). 

Acriflavin Inhibition—The inhibition of many riboflavin-con- 
taining enzymes by acriflavin has been described. At a final 
concentration of 7.5 X 10-‘ m acriflavin, A'-dehydrogenase was 
inhibited to the extent of 40 per cent when the formation of 
estrone (as phenol) was measured from 4-estrene-3,17-dione. 
With certain enzyme preparations, the acriflavin inhibition was 
reversed by 3.8 X 10-‘m FAD but not by riboflavin monophos- 
phate. 

Dissociation of Prosthetic Group—Precipitation of the enzymes 
with acid ammonium sulfate (25) resulted in loss of activity of 
both A and A‘-5a-dehydrogenases. All attempts to reactivate 
A'-dehydrogenase by the addition of large amounts of neutralized 
supernatant solution, yeast coenzyme concentrate, FAD, or ribo- 
flavin monophosphate proved unsuccessful. 

Participation of Hydroxylated Intermediates—The possibility 
has been considered that ring dehydrogenations of steroids may 
be two-step reactions involving hydroxylation followed by de- 
hydration (6). Evidence against such a mechanism was afforded 
by the demonstration that these reactions can proceed with 
phenazine methosulfate anaerobically and are not stimulated by 
reduced pyridine nucleotides. All known enzymatic hydroxyl- 
ations of nonphenolic steroids require molecular oxygen and 
TPNH (26). Furthermore, la-hydroxy-4-androstene-3 , 17-di- 
one and 18,38-dihydroxy-5-androsten-17-one (27) were incu- 
bated with crude, steroid-adapted extracts of P. testosteroni and 
phenazine methosulfate for 1 hour at 30°. The reaction prod- 
ucts were extracted and examined by paper chromatography. 
With conditions under which a 5 per cent conversion would have 
been detectable, no 1,4-androstadiene-3,17-dione was formed 
from either 1-hydroxysteroid. The same crude enzyme prep- 
aration efficiently converted 38-hydroxy-5-androsten-17-one (de- 
hydroepiandrosterone) to 4-androstene-3,17-dione by the action 
of 36-hydroxysteroid dehydrogenase and steroid isomerase (6), 
and then to 1,4-androstadiene-3,17-dione. Presumably 18 ,36- 
dihydroxy-5-androsten-17-one was converted to 18-hydroxy-4- 
androstene-3,17-dione, but this could not be oxidized further. 
la-Hydroxy-4-androstene-3 ,17-dione was also tested with puri- 
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fied A'-dehydrogenase in the presence and absence of the phena- 
zine dye but was not converted to 1 ,4-androstadiene-3 , 17-dione, 


DISCUSSION 


Crude extracts of Pseudomonas testosteroni carry out dehy- 
drogenations at C-1,2 and C-4,5 of steroids in which the A:B 
ring fusions may be cis or trans. In purified preparations, A‘. 
and A*-5a-dehydrogenases have been partially separated from 
each other and completely from A‘*-58-dehydrogenase. It has 
also been possible to inhibit A*-5a-dehydrogenase differentially, 
These observations suggest that three distinct catalytic proteins 
are concerned with the removal of hydrogen from adjacent car- 
bon atoms at C-1, C-4 (5a-H), and C-4 (56-H). Further 
support for the nonidentity of A!- and A*-5a-dehydrogenases de- 
rives from the finding* that cell-free extracts of Corynebacterium 
simplex (28) grown in the presence of testosterone contain a 
highly active A'-dehydrogenase and almost no A*5a-dehy- 
drogenase. Enzymes which react with adjacent carbon atoms 
of substrates and remove or add hydrogen or other substituents 
have been found to do so with steric specificity (29), and it would 
appear that in this respect the A-dehydrogenases are no excep- 
tion. The enzymatic hydrogenation of ring A unsaturated 
steroids also proceeds stereospecifically, since separate enzymes 
are apparently concerned with reduction of double bonds at 
C-1, C-4(5a-H), and C-5(56-H) (30-32). 

The detailed enzymatic mechanism of the ring dehydrogena- 
tions has not been precisely established. A two-step reaction 
sequence involving hydroxylation followed by dehydration ap- 
pears to be excluded. The observation that the reactions occur 
anaerobically and are not activated by reduced pyridine nucleo- 
tides, argues against the involvement of hydroxylation reactions 
(26). Furthermore, the present experiments eliminate la- and 
18-hydroxysteroids as intermediates in the A'-dehydrogenation 
reaction, whereas the work of Stitch et al. (33) with Bacillus 
sphaericus makes 2a-hydroxysteroids unlikely as intermediates. 
Purely chemical reasoning indicates that 1-hydroxysteroids 
would undergo more facile dehydration than 2-hydroxysteroids. 
In view of the enzymatic reduction of the phenazine dye by 
steroids under anaerobic conditions, it would seem that the most 
likely mechanism is a direct dehydrogenation of the substrate 
mediated possibly by a flavine prosthetic group. On the basis of 
these considerations, the 1- or 2-hydroxylated compound dis- 
covered by Kushinsky (34) during the conversion of 19-nor- 
testosterone acetate to 176-estradiol-17-monoacetate by Coryne- 
bacterium simplex is unlikely to be an intermediate in this 
reaction. 

Conclusive proof of the presence of a flavine prosthetic group 
has not been obtained, although some support has been cited for 
such a mechanism. No reaction completely analogous to un- 
saturation of ring A of steroids has been studied from the view- 
point of enzyme mechanism. Several reactions are known, how- 
ever, in which an a,§-unsaturated ketone is formed by direct 
dehydrogenation. These reactions are succinic dehydrogenase 
(13), fatty acyl dehydrogenase (24), and dihydroorotic dehy- 
drogenase (23). These enzymes are all flavoproteins, and the 
reactions which they catalyze are, to some degree at least, re- 
versible. Similarly, the oxidation of t-galactono-y-lactone to 
L-ascorbic acid also appears to be catalyzed by a flavoprotein 
(35). In contrast, Bloomfield and Bloch (36) have recently 


3 Unpublished experiments. 
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shown that the conversion of palmitic to oleic acid by extracts 
of yeast clearly requires molecular oxygen and reduced pyridine 
nucleotide and probably proceeds by way of hydroxylated in- 
termediate. The possibility of an entirely novel mechanism for 
the A-dehydrogenase reactions must also be considered. 

The reason for the apparent irreversibility of the ring dehy- 
drogenations is not at present clear. In this connection, it is of 
interest that the reductions of 1- and 4-dehydrosteroids by en- 
zymatic systems from liver, which specifically require TPNH, 
have also been reported to be irreversible (30, 31). 


SUMMARY 


1. Two steroid-induced enzymes concerned with the introduc- 
tion of double bonds into positions 1 and 4 of ring A of steroids 
have been isolated and partially purified from Pseudomonas 
testosteroni. These enzymes appear to be specific with respect 
to the position and steric configuration of the hydrogen atoms 
which are removed. 

2. Three separate methods for the measurement of A-dehy- 
drogenase activities are described. 

3. Phenazine methosulfate is an efficient artificial electron 
acceptor in these oxidations. Evidence has been presented that 
these enzymes promote a direct dehydrogenation of the steroid, 
possibly with the participation of a flavin prosthetic group. The 
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alternative reaction mechanism of hydroxylation followed by 
dehydration appears extremely unlikely. 

4. Both A’ and A*5a-dehydrogenases are associated with 
fine, particulate structures and are brought into apparent solu- 
tion by the action of Tween. 

5. Both enzymes function optimally at about pH 9.5. 
Their behavior toward metal ions, sulfhydryl reagents, and metal 
chelators has been examined. 

6. The steroid specificity of A'-dehydrogenase has been studied 
in some detail, and the findings have been related to the ability of 
intact cells to oxidize specific steroids. 

7. The reactions catalyzed by both enzymes appear to be ir- 
reversible. 
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In several mammalian species, i.e. rabbit, dog and man, deoxy- 
cholic acid is one of the main bile acids in the bile (1). In recent 
years evidence has accumulated that deoxycholic acid is formed 
from cholic acid during the enterohepatic circulation by the 
action of intestinal microorganisms. By the use of 24-C'*-la- 
beled cholic acid this conversion has been demonstrated in rabbit 
and in man (2,3). By isotopic experiments and the finding that 
deoxycholic acid vanishes from the bile in external bile fistulas 
of rabbits and man after a short time (2, 4), the liver has been 
excluded as the site of the transformation. 

In the rat, labeled deoxycholic acid has been isolated from the 
feces and from cecal contents after administration of labeled 
cholic acid (5); in the bile of this species only traces of this acid 
can be found, owing to the fact that deoxycholic acid is rehy- 
droxylated in the 7a-position in the liver (6). In the present 
work cholic acid, labeled with tritium in the 76-position, has been 
used for a study of the mechanism of deoxycholic acid formation. 
As the microorganisms responsible for the formation of deoxy- 
cholic acid have so far not been isolated, the experiments had to 
be carried out on intact animals. 

Recently, it has been proved that 7-ketodeoxycholic acid is an 
intestinal metabolite of cholic acid in the rat and that, in turn, 
it may give rise to deoxycholic acid (5). In the present work the 
latter reaction was found to proceed rapidly in the rabbit, but 
evidence was obtained that 7-ketodeoxycholic acid is not a sig- 
nificant intermediate in the reaction sequence leading to deoxy- 
cholic acid in the rabbit. 


EXPERIMENTAL 


Synthesis 


Cholic acid-78-H*—One hundred mg. of 7-ketodeoxycholic 
acid (m.p. 197-198°), prepared from cholic acid with N-bromo- 
succinimide according to the procedure of Fieser and Rajagopalan 
(7), were dissolved in 10 ml. of diethylene glycol dimethyl] ether 
(Diglyme), and a solution containing 50 mg. of tritiated sodium 
borohydride in 4 ml. of the same solvent was added. This had 
been prepared according to Wilzbach (8) by exposing 100 mg. of 
sodium borohydride to 2 curies of tritium gas (90 per cent pure) 
at a pressure of about 200 mm. of Hg for 10 days at room tem- 
perature in the apparatus described by Bergstrém and Lindstedt 
(9). 

After 12 hours at room temperature the reaction mixture was 
diluted with water, acidified, extracted with ether, and dried 
over sodium sulfate. The residue after evaporation was chro- 


* Present address: Department of Chemistry, Karolinska 
Institutet, Stockholm 60, Sweden. 


matographed with phase system C-3 (see below) and found to 
give a radioactive peak at the position of cholic acid. With this 
system it is possible to separate 3a , 12a-dihydroxy-7-ketocholanic 
acid, 3a,7a,12a-trihydroxycholanic acid, and 3a,76,12a-tri- 
hydroxycholanic acid. Of cholic acid 89.3 mg., m.p. 197-198°, 
were obtained which showed no depression of the melting point 
after mixing with authentic cholic acid. The specific activity 
was 0.5 we. per mg. and remained constant after several recrys- 
tallizations. 

Five mg. of this acid were diluted with 80 mg. of inactive cholic 
acid, and the methy] ester oxidized with N-bromosuccinimide in 
aqueous acetone at room temperature (7). The specific activity 
of the isolated methyl-7-ketodeoxycholate (m.p. 156—-158°) was 
4.3 per cent of that of the cholic acid-78-H*. The reduction 
with sodium borohydride thus gives exclusively the 7a-hydroxy 
isomer, which is in agreement with the results obtained for the 
sodium borohydride reduction of 7-ketocholanic acid in methanol 
(10) and of 7-ketolithocholic acid in diethylene glycol dimethyl 
ether.! 

7-Ketodeoxycholic acid-24-C'—Cholic acid-24-C™, prepared ac- 
cording to Bergstrém et al. (11), was oxidized with N-bromosuc- 
cinimide. 7-Ketodeoxycholic acid-24-C™ (specific activity 1.0 
uc. per mg.) was isolated from the reaction product by chromatog- 
raphy with phase system C-3. 

Animal Experiments—Rabbits weighing 2 to 3 kg. were used 
in these studies. The common bile duct was cannulated witha 
polyethylene tube as described earlier (2). After the operation 
the animals were kept in a restraining cage and the bile collected 
directly into ethanol. During the experimental period the diet 
consisted only of cabbage. 

Chromatographic Separations—These were performed accord- 
ing to the technique worked out by Bergstrém, Sjévall, and Nor- 
man (12, 13). 


System Moving phase Stationary phase 
C-3 140 ml. of methanol 15 ml. of isooctanol 
160 ml. of distilled water 15 ml. of chloroform 
F 165 ml. of methanol 45 ml. of chloroform 
135 ml. of distilled water 5 ml. of heptane 


Per 4.5 gm. of hydrophobic Super-Cel, 4 ml. of the stationary 
phase were used. All chromatograms were run at a constant 
temperature of +23°. 

Isotope Determinations—The tritium and C™ content in the ad- 
ministered and isolated bile acids were determined by gas phase 
counting after combustion to CO, and H®,0 and conversion 


1S. Bergstrém and B. Samuelsson, unpublished observation. 
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the latter to tritiobutane by the methods of Glascock (14). A 
minimum of 3000 counts was recorded. 
RESULTS 


1. Retention of H* in Deoxycholic Acid after Administration of 
Cholic Acid-78-H*, 24-C4—A stock solution of cholic acid-78-H# 


' and cholic acid-24-C™ was prepared by dissolving 7 mg. of cholic 


acid-78-H* (0.5 we. per mg.) and 0.1 mg. of cholic acid-24-C™ 
(3 wc. per mg.) inethanol. Aliquots of this solution correspond- 
ing to 2 mg. were neutralized with 0.1 N NaOH, dissolved in 0.9 
per cent NaCl, and injected intraperitoneally into each rabbit. 
An aliquot was diluted with inactive cholic acid, crystallized 
from ethyl acetate and used as a reference in the isotope deter- 
minations. 

After 1-2 days a bile fistula was made, and the bile was col- 
lected in ethanol] for 12 hours. Deoxycholic acid was isolated 
from the saponified bile by chromatography with phase system 
F. The band of deoxycholic acid was diluted with inactive ma- 
terial so as to give a specific activity suitable for the counting 
procedure and the acid crystallized from aqueous acetic acid. 

Table I shows the results obtained in the determination of H* 
and C™ in the administered cholic acid and in the isolated deoxy- 
cholic acid. The tritium is retained almost completely in the 
molecule during the conversion. 

2. Loss of H® in Ya-Hydrorxylation of Deoxrycholic Acid-H?*, 
24-C'—The capacity of the rat liver to hydroxylate deoxycholic 
acid in the 7a-position was made use of in order to obtain infor- 
mation on the localization of the hydrogen isotope in the deoxy- 
cholic acid obtained from cholic acid-78-H*. The deoxycholic 
acid used in these experiments was biosynthesized by injecting 
25 mg. of cholic acid-76-H? (0.5 we. per mg.) into a rabbit. The 
common bile duct was cannulated after 12 hours. Eighty-two 
mg. of deoxycholic acid (0.05 ue. per mg.) were isolated from the 
bile excreted during the first 6 hours. A stock solution was pre- 
pared from this acid and deoxycholic-24-C™. An aliquot cor- 
responding to 5 mg. was injected into each of two rats with a 
bile fistula, and another aliquot was diluted with inactive ma- 


TABLE I 
H? and C"4 content in administered cholic acid-7B-H*,24-C™ 
and in deorycholic acid isolated from rabbit bile 
The doubly labeled cholic acid was administered 1 to 2 days be- 
fore cannulation of the common bile duct. 





























cu H? | | 
ee 
e | Mean | = | Mean 
& | | & 
Bee isu 
I | 
Administered cholic acid | 289} — | 270 
288 | 289 | 271 | 271 | 0.94 | 100 
Deoxycholic acid isolated | 494 463 
after 2 days 499 | 497 | 468 | 466 | 0.94 | 100 
9 
- | | 
Administered cholic acid 233 | | 243 
| 235 | 234 | 253 | 248 | 1.06 | 100 
Deoxycholic acid isolated | 264 258 
after 1 day | 276 | 270 | 258 | 258 | 0.96 | 90 
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TaB_e II 
H? and C'* content in administered deoxycholic acid and in 
cholic acid isolated from rat bile 
Deoxycholic acid isolated from rabbit bile after administration 
of cholic acid-78-H? was mixed with deoxycholic acid-24-C" and 
administered to rats with a bile fistula. 
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Administered deoxycholic | 98 | | 236 | 
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Fic. 1. Chromatography of acids from hydrolyzed rabbit bile 
with phase system F. 7-Ketodeoxycholic acid-24-C' was ad- 
ministered 2 days before cannulation of the common bile duct. 
O——O, titration values; @----- @, radioactivity. 


terial so as to give a specific activity suitable for the isotope deter- 
minations by the gas counting method. 

The rat bile was collected in ethanol for 12 hours, saponified, 
and chromatographed with phase system C-3. About 50 per 
cent of the excreted C" activity was recovered in the cholic acid, 
which was collected, diluted with inactive material, and crystal- 
lized from ethyl acetate. The result of the determination of H* 
and C™ in this material is given in Table II, in which it is seen 
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that only about 5 per cent of the tritium is retained after the 
7a-hydroxylation. 

3. Formation of Deoxycholic Acid from 7-Ketodeoxycholic Acid 
in Rabbit—The sodium salt, 0.8 mg., of 7-ketodeoxycholic acid- 
24-C™ (1.0 uc. per mg.) was injected intraperitoneally into a 
rabbit; and a bile fistula made after 2 days. The bile was col- 
lected, hydrolyzed, and chromatographed with phase system F. 
The result is seen in Fig. 1, where it should be observed that no 
labeled compound appears at the position of 7-ketodeoxycholic 
acid (15 to 30 ml.), whereas most of the activity appears at the 
position of deoxycholic acid (50 to 100 ml.). This material was 
collected and recrystallized with carrier deoxycholic acid. The 
specific activity was determined after each crystallization and 
found to remain constant (Table III). 


TaBLe III 
Recrystallization of acid related to ‘‘dihydroxycholanic 
acid”’ band of Fig. 1 
7-Ketodeoxycholic acid-24-C'* was administered intraperi- 
toneally to a rabbit 2 days before cannulation of the common bile 
duct. 






































Inactive bile acid added Crystallizing solvent 3 — 
= 
mg. 
Deoxycholic acid 100 | 1700 
Ethyl acetate-light petroleum 74 | 1790 
Ethyl] acetate-light petroleum | 61 | 1840 
Acetic acid-water 52 | 1810 
Acetic acid-water 44 | 1790 
Ethanol-water 33 | 1800 
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Fic. 2. Chromatography of acids from hydrolyzed rabbit bile 
with phase system C-3. 7-Ketodeoxycholic acid was adminis- 
tered to a rabbit 6 hours after cannulation of the common bile 
duct. O——O, titration values; @----- @, radioactivity. 
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TaBLe IV 
Recrystallizations of methyl ester related to 
radioactive ‘‘?-ketodeoxycholic acid’’ 
band of Fig. 2 
7-Ketodeoxycholic acid-24-C'* was administered intraperi- 
toneally to a rabbit 6 hours after cannulation of the common bile 
duct. 











parting in alt Cystallizing solvent = Fy Hy 
|= | 3 
| me. 
Methy] ester of 7- | 40 | 980 
ketodeoxycholic 
acid 
Methanol-water | 31 | 900 
Methanol-water | 27 | 930 
Ethyl acetate-light petroleum 22 | 890 
Acetone-water | 17 | 940 
Ethyl acetate-light petroleum | 14 | 915 





4. Administration of 7-Ketodeoxycholic Acid-24-C“% to Bile 
Fistula Rabbit—Of the sodium salt of 7-ketodeoxycholic acid- 
24-C™“ 0.8 mg. was given intraperitoneally to a rabbit with a 
functioning bile fistula 6 hours after the operation, 7.e. the in- 
jected material only passed the liver and was excreted through 
the fistula without reaching the intestine. The bile was col- 
lected in ethanol, saponified, and chromatographed with phase 
system C-3. The chromatogram is shown in Fig. 2. All the 
labeled material appears at the position of 7-ketodeoxycholic 
acid, immediately before the titration peak caused by the in- 
active cholic acid present in the rabbit bile. The radioactive 
material in the 7-ketodeoxycholic acid peak was diluted with 
inactive 7-ketodeoxycholic acid and the methyl ester was pre- 
pared with diazomethane. The specific activity remained con- 
stant after several recrystallizations (Table IV). 


DISCUSSION 


As is evident from the experimental results, the formation of 
deoxycholic acid from cholic acid in the rabbit takes place as a 
result of reactions in which the original tritium label in the 76- 
position is retained in the molecule. A reaction sequence in- 
volving the 7-keto derivative, as has been postulated by some 
Japanese authors (15), leads to the opposite result and does not 
seem to occur to any significant extent in the rabbit. As shown 
in the work of Norman and Sjévall (5), however, such a reaction 
sequence could occur in the rat, and the present work demon- 
strates the great capacity of rabbit intestinal microorganisms to 
cause the transformation of 7-ketodeoxycholic acid into deoxy- 
cholic acid. It therefore seems clear that two different mech- 
anisms are at work for the conversion of cholic acid into deoxy- 
cholic acid in the animal intestine. They may be of varying 
importance in different animals as well as under the different 
conditions that influence the composition of the intestinal flora. 

The formation of deoxycholic acid from cholic acid, 7.e. the 
removal of a hydroxyl group from the steroid nucleus, is a reac- 
tion which has not previously been demonstrated in the metab- 
olism of steroids (16, 17). One possible reaction sequence is the 
elimination of the elements of water from cholic acid with the 
formation of a 3,12-dihydroxycholenic acid with a double bond 
at C-6,7 or C-7,8 and subsequent hydrogenation of this acid to 
deoxycholic acid. Similar dehydration reactions have not 
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hitherto been encountered in the enzymatic transformation of 
steroids, but are otherwise common enzymatic mechanisms for 
the introduction of double bonds (16). 

7-Ketodeoxycholic acid is effectively transformed into deoxy- 
cholic acid by the action of microorganisms in the intestine 
(Experiment 3), but it remains unchanged during the passage 
through the liver (Experiment 4). Further experiments have 
to be carried out with the isolated microbiological system before 
this reaction mechanism can be settled. 
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In the experiments in which the isolated doubly labeled deoxy- 
cholic acid was given to rats with a bile fistula, it was found that 
95 per cent of the H® was lost during the 7a-hydroxylation in the 
liver. 

The stereochemical course of the hydroxylation of steroids by 
mammalian tissue and by molds has recently been studied with 
compounds stereospecifically labeled with tritium or deuterium 
(18-20). Hydroxylations both at C-7 and C-11 were shown to 
take place through a direct replacement of the hydrogen atom in 
the position which is to be hydroxylated. Since it seems prob- 
able that this is a property common to the steroid hydroxylases, 
the above mentioned results indicate that an inversion of the 
78-hydrogen in cholic acid had occurred during the transforma- 
tion into deoxycholic acid. 


SUMMARY 


1. The preparation of cholic acid-78-H*, 24-C™ is described. 

2. During the conversion of this acid to deoxycholic acid in the 
rabbit intestine the tritium remains in the molecule. 

3. Evidence is presented that the tritium is located in the 
7a-position in the deoxycholic acid formed. 

4. 7-Ketodeoxycholic acid can be transformed into deoxycholic 
in the rabbit intestine, but remains unchanged after one passage 
through the liver. 
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Cholic acid and chenodeoxycholic acid are the main bile acids 
in rat bile, occurring in the approximate proportion of 8:2 (1). 
The occurrence of minor amounts of metabolites of cholic and 
chenodeoxycholic acid, formed by the action of intestinal micro- 
organisms and liver enzymes, has recently been reported (2, 3). 

The transformation of labeled cholic acid during the entero- 
hepatic circulation has been studied by Norman and Sjévall 
(2) who isolated labeled deoxycholic acid and 7-ketodeoxycholic 
acid from the feces. These two acids were evidently formed by 
the action of intestinal microorganisms on cholic acid. Further- 
more, labeled 7-ketodeoxycholic acid was found to give rise to 
deoxycholic acid in the intestinal tract. 

The deoxycholic acid formed in the intestine is absorbed and 
hydroxylated at the 7a-position to cholic acid (4). This hy- 
droxylation reaction has so far not been found in other species 
and explains the relative absence (1 to 2 per cent) of deoxycholic 
acid from rat bile. 

The mechanism of the elimination of the 7a-hydroxyl group 
has been studied in the rabbit (5). In this animal 7-ketodeoxy- 
cholic acid was only of minor importance as an intermediate, 
since the 78-hydrogen was almost completely retained in the 
deoxycholic acid, formed from cholic acid-76-H’, 24-C™. 

The present work was carried out in order to study the reac- 
tion mechanisms in the sequence 


intestine : ., li . . 
Cholie acid ae, deoxycholic acid Wet , cholic acid 


and to obtain some information of the relative speed of these 
reactions. 


EXPERIMENTAL 


Cholic Acid-78-H*, 24-C'\—The doubly labeled cholic acid was 
prepared as described in the preceding paper (5), and a stock 
solution was made containing approximately 0.5 uc. of 78-H® 
and 0.3 ye. of 24-C™ per mg. of cholic acid. 

Animal Experiments—White male rats, 200 to 250 gm., of 
the institute stock were used. The diet consisted mainly of 
bread and oats. Cannulation of the bile duct was performed 
as described earlier (6). 

In some experiments the action of the intestinal microor- 
ganisms on cholic acid was studied, and the effect of the liver 
enzymes on the metabolites formed had to be excluded. The 
acid as sodium salt in water solution was therefore injected with 


*Present address, Department of Chemistry, Karolinska 
Institutet, Stockholm 60, Sweden. 


a fine needle into the cecum of the rat, immediately after a bile 
fistula had been made. The feces were collected in ethanol. 

The germ-free rats used were reared under germ-free condi- 
tions according to the technique of Gustafsson (7). The sodium 
salt of cholic acid-78-H?, 24-C™ in water solution was autoclaved 
at 120° for 20 minutes and given orally to the animals. A bile 
fistula was made after 7 days and the bile collected during the 
following 2 hours was used. 

Isolation and Chromatographic Separation—The bile and feces 
were collected, hydrolyzed, extracted, and chromatographed as 
described earlier (8,9). The following phase systems were used: 


System Moving phase Stationary phase 
C 150 ml. of methanol 15 ml. of isooctanol 
150 ml. of distilled water 15 ml. of chloroform 
F 165 ml. of methanol 45 ml. of chloroform 


135 ml. of distilled water 5 ml. of heptane 
Four ml. of the stationary phase were used per 4.5 gm. of hydro- 
phobic Super-Cel. All the chromatograms were run at a con- 
stant temperature of +23°. 

Isotope Determination—Tritium and C™ activity in the doubly 
labeled acids administered and in the isolated bile acids were 
determined by gas phase counting as described previously (5). 


RESULTS 


Loss of 78-H® in Cholic Acid-78-H*, 24-C during Enterohepatic 
Circulation—Cholic acid-78-H*, 24-C'*, 1 mg., was injected in- 
traperitoneally into rats, and after different time intervals (0 to 
7 days) a bile fistula was made. The bile was collected for 2 
hours and the cholic acid isolated by chromatography with phase 
system C. Determinations of the ratio of isotopes in the ad- 
ministered and isolated cholic acids were made, and the amount 
of tritium retained was calculated. From the results shown in 
Table I it is obvious that a progressive loss of the tritium label 
occurs with time as the acid takes part in the enterohepatic cir- 
culation. 

In order to prove that there is no loss of the 78-H® label in 
cholic acid during the liver passage, the doubly labeled acid was 
administered to two germ-free rats and allowed to take part in 
the enterohepatic circulation for 7 days, at the end of which time 
the tritium retention in the normal rat was less than 5 per cent. 
As seen in Table III, the ratio of tritium to C“ remains constant 
in the cholic acid in the germ-free rats. 

Retention of 78-H* in Intestinal Formation of Deoxycholic Acid 
from Cholic Acid-78-H*, 24-C'—In order to determine the reten- 
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tion of the 78-H? in the step, cholic acid — deoxycholic acid, the 
rehydroxylation of deoxycholic acid in the liver had to be ex- 
cluded. This was accomplished by injecting the doubly labeled 
cholic acid into the cecum of bile fistula rats. The rats were 


TaBLe I 
Determination of H* and C4 in administered cholic acid and 
in cholic acid isolated from rats after different 
times of enterohepatic circulation 





cu | H3 





















































| He retained 
Dura- | | 
tion | | _ 
of S 
Cholic acid = 7 : H/C) & 
circula- & z | | Per as & 
“lelg|e|¢| lg 
sis|$ | = | i= 
a days | 
Administered 424 460! 
419| 422 ami 466| 1.11) 100 
Isolated from rat with 0 | 298 302) | 
preformed bile fistula 288) 293) 316) 309) 1.05) 95 
Isolated from rats with | 1 | 280 221, | 
intact enterohepatic 290) 285) 233) 227) 0.80; 72 
circulation | 314) 254) | 
| 318) 316) 283, 269, 0.85 77 | 75 
2 | 386 a 
| 384) 385 86) 83} 0.22) 20 
| sie) | 155, | 
| 517) 517) 157 156) 0.30) 27 
| 437 185) | | 
439| 438) 175| 180| 0.41! 37 | 28 
4 | 590 oa 
595| 593| 112) 108] 0.18) 16 
564] | 259} | | 
569) 567) 271) 265) 0.47) 42 
506) [| 185] | | 
| 510, 508) 198, 192) 0.38) 34 | 31 
7 | 440, 26) | 
| 436) 438, 27) 27) 0.06 5.4 
| 523} | 27} | | 
| 531 527) 29, 280.05, 4.5) 5 
Isolated from germ-| 7 | 260) | 282) | | 
free rats with intact | 263) 262) 284) 283| 1.08, 98 
enterohepatic cir- | 256; | 280) | 
culation | 255) 256] 281) 281) 1.10) 99 | 99 
TaBLe II 
Determination of H* and C'* in deoxycholic acid in feces 
cu | Ht H? retained 
| E | E H/C “Mean 
| @ |Mean] ¢€ | g | Per cent| (per 
| 6 2 e | & | | cen 
— asa <= Se, Lees 
Administered cholic | | | il 410) 100 | 
acid | | | 
Deoxycholice acid iso- | 
lated from feces | 297 | 294) | 
Rat XVII | 304 | 301 | 294] 203] 0.98 | 89 
Rat XVIII | 236 221; | 


237 | 237 | 216) 219| 0.92 | 84 | 87 
| | | | 
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TaBLe III 


Determination of H* and C"* in cholic acid after administration 
of deorycholic acid-7B-H*-24-C™ 





























| cu | H? Hi? retained 
é | ? H/C = 
E | Mean | £ | s Per cent | (per 
| 6 es 3 | cent) 
| es Saee Be —— 
Administered deoxy- | | 0.98 | 100 | 
cholic acid, Rat | 
XVII | | 
Cholie acid isolated | | | 
from bile | 
Rat XIX | 315 | 17 | 
| 320 | 318 | 13 | 15 | 0.05 | 4.8 
Rat XX 286 9 | | 
| 285 286 | 11 | 10 | 0.04 3.6 | 4.2 





killed after one and a half days and deoxycholic acid was isolated 
from the feces by chromatography with phase system F. 

The band of radioactive deoxycholic acid was diluted with in- 
active deoxycholic acid and crystallized from acetic acid water 
and ethanol-water. The specific activity of successive samples 
remained constant. 

The results from the determinations of H? and C™ in this com- 
pound (Table IT) showed that about 85 per cent of the original 
tritium label is retained. 

Loss of Tritium Label in Deoxycholic Acid-7?-H*, 24-C™ during 
Ya-Hydrozylation to Cholic Acid—The deoxycholic acid which 
had been isolated from the feces after injection of doubly labeled 
cholic acid into the cecum was administered to two rats with a 
functioning bile fistula. About 50 per cent of the administered 
deoxycholic acid was 7a-hydroxylated to cholic acid, which was 
isolated by chromatography with phase system C and crystal- 
lized from ethyl acetate after dilution with inactive cholic acid. 
Determinations of the H? and C™ content in this acid (Table III) 
showed that almost all of the tritium label was lost during the 
hydroxylation in the liver. 


DISCUSSION 


Reaction Mechanism—The experiments in which deoxycholic 
acid was isolated from feces and readministered clearly showed 
that only a small loss of the 78-hydrogen occurs in the conversion 
of cholic acid into deoxycholic acid and suggest that a shift from 
the 78- to the 7a-position takes place. These results therefore 
confirm the findings obtained in the preceding paper (5), in 
which the reaction has been discussed. 

Rate of Formation of Deoxycholic Acid—The fact that cholic 
acid and deoxycholic acid are converted into each other should 
obviously be taken into account in studies of bile acid turnover 
in the rat. Such studies have been carried out with the use of 
cholic acid-24-C“ at a time when it was assumed that the iso- 
tope did not re-enter the cholic acid pool (10). We have now 
tried to devise a model that is more suitable for discussions of 
the quantitative aspects of the cholic-deoxycholic acid metabo- 
lism in the rat and which could make it possible to estimate the 
amount of deoxycholic acid formed per day. 
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EXCRETED a 
With the use of this model the following general set of equations! 
may be worked out. For tritium: 
dA/dt = Kap-A + Kea‘B (1) 
a a a 
= a ee ¢ ‘ 1 2 3 4 5S 6 ? 
aB/dt = Kag-A — (Kea + Kec + Kaz)B (2) DAYS 
dC/dt = Kgc-B — (Kea + Kez)C (3) Fig. 1. Semilogarithmic plot of the H*-retention in cholic acid 
after different times of enterohepatic circulation of the adminis- 
For C™: tered cholic acid-78-H*-24-C", 
dA/dt = — K4p-A + Kpa'B + Kea:C (20) rat. However, this reconversion of 7-ketodeoxycholic acid into 
: cholic acid is too small to affect these calculations significantly. 
qB/dt = Kap-A — (Kaa + Kac + Kaz)-B (21) To solve the kinetic equations one should ideally follow the 
OC) @ Koc-B — (Kea + Kea)-C (22) Specific activities of the labeled bile acids in the different pools; 


From studies with labeled cholic acid (2) it is known that the 
conversion to bacterial metabolites starts in the large intestine, 
i.e. the cecum, so it seems justified to consider the cholic acid as 
being divided between two compartments. The distribution of 
the bile acids in these compartments shows large individual 
variations owing to differences in nutritional status of the ani- 
mals and to the nature of the intestinal microorganisms. In eight 
animals Norman and Sjévall (2) found 20 to 52 per cent of the 
total radioactivity in the large intestine after feeding of labeled 
cholic acid. In the calculations below it is assumed that 30 per 
cent of the total bile acids is located in the large intestine. 

The proportion between cholic acid and deoxycholic acid in 
the large intestine also shows large variations. From chromato- 
grams of the fecal bile acids collected in this study we have esti- 
mated the cholic and deoxycholic acid pools in the large intestine 
to be of about equal size, and in this simplified system no cor- 
rections have been made for the other bile acids in the large in- 
testine, consisting of 7-ketodeoxycholic acid, 3a,78,12a-tri- 
hydroxycholanic acid, 12-ketolithocholic acid, and very small 
amounts of unidentified microbial metabolites. The deoxycholic 
acid formation occurs to a small extent with an intermediate 
formation of 7-ketodeoxycholic acid, a fact that has no influence 
on the validity of these calculations. According to preliminary 
results obtained on germ-free rats by Norman and Sjévall,? small 
amounts of cholic acid and 3a,78,12a-trihydroxycholanic acid 
may be formed from 7-ketodeoxycholic acid during the entero- 
hepatic circulation, whereas no reduction of the 7-keto acid can 
be observed after one passage through the liver in a bile fistula 


1 The equations are numbered according to their appearance in 
the Appendix at the end of the article. 
2 A. Norman and J. Sjévall, to be published. 


this however, does not seem possible for practical reasons. To 
get an approximation we have therefore assumed that the bile 
acids are excreted and reabsorbed from the large intestine in 
proportion to their concentration (Kez = Kee; Kea = Kea). 
If a tracer dose of cholic acid 7-6-H*, 24-C™ is introduced into 
pool A at zero time, the following expression is obtained for the 
ratio between H* and C" of cholic acid in pool A. (The deriva- 
tion of this equation is shown in the appendix on page 2029.) 


Hea, a H?4,(a1 ae Ae) (ur + 2K zc) eu ~— 
C4, C44 (u1 _ wo) (M1 + Kec) 


The straight lines which represent Equation 42 have been 
drawn to fit the relative minimal and maximal values for the 
H? retention (Fig. 1) wu. = —0.55, Kaz = 0.8, Kec = 1.8, Kpa = 
0.9, Kpeg = 0.9, and Mi = —1.2, Kap = 2.2, Kzgc = 5.2, Kpa = 
4.3, Kez = 0.9, which means that in this series from 32 to 92 per 
cent of the total amount of cholic acid in the body is converted 
into deoxycholic acid per day. The parameter for Equation 42, 
calculated by the method of least squares, gives wy, = —0.75, 
Kap = 1.24, Kzc = 2.9, Kea = 2.0, and Kar = 0.9; that is, 
51 per cent of the total amount of cholic acid is converted into 
deoxycholic acid per day. 

On the basis of the rate constants obtained in this work (cal- 
culated from the line with 4, = —0.75, Fig. 1) and the pool 
sizes, which are known from earlier investigations, some very 
approximative quantitative information on the enterohepatic 
circulation of the bile acids in the rat may be obtained. The 
rate of formation of bile acids in the liver has been found by 
Bergstrém and Danielsson (11) to be regulated by the amount of 
bile acids that reach the liver via the portal blood. A supply of 
120 mg. of sodium taurochenodeoxycholate to the liver per day 
in a 200-gm. bile fistula rat inhibited the cholic acid synthesis 
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(40 mg. per day) to a level corresponding to that found for the 
intact animal (about 4 mg. per day). A similar figure for the 
supply of bile acids to the liver in the rat (144 mg. of cholic acid 
per day) was obtained by Olivecrona and Sjévall,’ based on 
determinations of the bile acid concentration in the portal blood 
and correlation of these values with the portal blood flow. 

If the cholic acid pool in the small intestine, liver, and bile 
ducts circulates 12 times per day*) about 10 per cent (K4n-A/ 
12A)-100 of this pool is lost to the large intestine in each circu- 
lation. Of the total amount of cholic acid that is transported to 
the large intestine per day (K4,-A) of which 50 per cent daily 
is converted into deoxycholic acid (Kgc-B), 30 per cent is ex- 
creted in the form of various microbial transformation products 
per day (Kpz-B) + (Kce-C), and 70 per cent is absorbed from 
the large intestine and transported to the liver in the form of 
cholic acid, deoxycholic acid, and their metabolites (Kg4-B) + 
(Kca-C). If the total cholic acid pool (A + B) in a 200-gm. 
rat amounts to approximately 12 mg.‘ (in all these calculations 
chenodeoxycholic acid and its metabolites are disregarded since 
they constitute only a minor component of the bile acids present 
in the rat (12)) about 120 mg. of cholic acid are absorbed from 
the small intestine, and 12.2 mg. are transported to the large 
intestine per day. From this site about 8.4 mg. of bile acids are 
absorbed and 3.8 mg. are excreted in the feces per day. 


SUMMARY 


Cholic acid-78-H*, 24-C™“ has been administered to rats and 
the amount of H? and C™ determined in the isolated cholic acid 
after different time intervals. Deoxycholic acid is formed from 
cholic acid in the large intestine during the enterohepatic circula- 
tion by the action of the intestinal microorganisms, but is subse- 
quently 7a-hydroxylated to cholic acid in the liver. With the 
aid of cholic acid-76-H*, 24-C™ the reaction mechanism for the 
deoxycholic acid formation in the intestine has been studied, 
and the localization of the hydrogen isotope in the isolated 
deoxycholic acid has been determined through hydroxylation to 
cholic acid. Taking advantage of the fact that the tritium label 
in the deoxycholic acid is specifically lost in the hydroxylation 
reaction, it has been possible to construct a model, by which the 
amount of deoxycholic acid formed during the enterohepatic 
circulation may be determined. Furthermore, some approxi- 
mate quantitative information has been obtained for the entero- 
hepatic circulation of the bile acids. The following results were 
obtained. 

1. The tritium label in cholic acid-76-H*, 24-C“ was almost 
completely retained in the molecule during the conversion to 
deoxycholic acid by the microorganisms in the large intestine. 

2. The tritium label in the isolated deoxycholic acid was lost 
in the 7a-hydroxylation to cholic acid in the liver; this suggests 
a shift of the H*-label from the 78- to the 7a-position. 

3. With the proposed model for the metabolism of cholic acid 
in the rat, it was found that about 50 per cent of the total cholic 
acid pool is converted into deoxycholic acid per day during the 
enterohepatic circulation; the greater part of this acid is subse- 
quently 7a-hydroxylated to cholic acid in the liver. 

4. Approximate values for the continuous loss of bile acids 
from the bile acid pool present in the small intestine, liver, and 
bile ducts to the pool in the large intestine are given. The rate 


*T. Olivecrona and J. Sjévall, to be published. 
‘S. Eriksson, to be published. 


eseana 


S. Lindstedt and B. Samuelsson 


2029 


of absorption of bile acids from the large intestine in the intact 
rat was found to be much slower than that reported for the ab- 
sorption process in the small intestine, and figures for the total 
amount of bile acids that are absorbed from these two sites are 
given. 
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APPENDIX 
The following equations may be derived from the model on page 


For tritium: 


dA/dt = —K4pA + KpaB (1) 
dB/dt = KasA — (Kea + Kec + Kpg)B (2) 
dC/dt = KgcB — (Kea + Kez)C (3) 


Kee = Kez; Kea = Kea; Kec = Kea + Keer 
A = 70 per cent, B = 15 per cent and C = 15 per cent (for explana- 
tion see the text). 





dA/dt = —3?KgcA + KpaB (4) 

dB/dt = 3KgcA — 2 KacB (5) 

dC/dt = KpcB — Kac-C (6) 

A=z2 and B = y,dz/dt = 2’, dz'/dt = 2", dy/dt = y’, 

dy'/dt = y’. 

z’ = —3Kact + Keay (7) 

y’ = § Kect — 2 Kacy (8) 

z’ + y' = Keay — 2 Kacy (9) 

y” = $ Kact’ — 2 Kacy’ (10) 

y” + Kecy’ — 3 Kec(Kea — 2 Kac)y = 0 (11) 
The roots (m: and yw) are: 

mie = —44 Kec + ¢y V121Kac? + S84KeaKac (12) 
and the solution of Equation 11 is: 

y = Lyen* + Lye (13) 

t=0,y=0 and L,= -L,=L 

y = L(ent — em) (14) 

y’ = L(wien* — pre") (15) 


If the value of y in Equation 14 is substituted for y in Equation 8 
then: 








y’ = 4Kect — 2 Keach (es! — en) (16) 
L(wre"! — pees!) = 2K pct — 2 KpcL(ent — ens!) (17) 
at t= 0;L = } Kec — (18) 
Mi — Be 
2 = —— [im + 2Kacdent — (us + 2Kacder'l (19) 
Mi — Be 
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For C"; t=0,y=0 and 1} = -l,=L 
dA/dt = —K4sA + KgsB + Keal (20) y = L(est — e®') (35) 
dB/dt = KazA — (Kea + Kec + Kez)B (21) y’ = Lue! — Age™*) (36) 
dC/dt = KgcB — (Kea + Kcz)C (22) If the value of y in Equation 35 is substituted for y in Equation 28 


Kee = Kez, Kea = Kea, 
A = 70 per cent, B = 15 per cent and C = 15 per cent (see the text). 


and Kgc = Kea + Kee 





dA/dt = — #KgcA + Kea(B + C) (23) 
dB/dt = $KgcA — 2 KacB (24) 
dC/dt = KgcB — KpgcC (25) 
d(B + C)/dt = *KgcA — Kpc(B + C) (26) 
A=2,B+C = y, dz/dt = z',dz'/dt = 2”, dy/dt = y’, 
dy'/dt = y’”. 
a’ = —#Kect + Keay (27) 
y’ = §Kpct — Kacy (28) 
z’+y' = (Kea — Kac)y (29) 
z’ = (Kea — Kac)y (30) 
y” = ¢Kaect’ — Kacy’ (31) 
y” + Kacy’ — *Kec(Kea — Kac)y = 0 (32) 
the roots (A; and Az) are: 
Aue = —$Kec + V4 Kac? + 21 Koa Koc (33) 


The solution of Equation 32 is: 


y = Lyes! + Le! (34) retention that is higher than 100 per cent. 
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then: 


y’ = $Kect — Kach(e! — e®') (37) 
L(dses* — Ages!) = 3K act — Keach (est — es) (38) 
Att = 0; L = 3-Kgc/(M — 2)-2o (39) 
Z = 2o/(Ar — Az) [Ar + Kacle™! — (As + Keac)e™'] (40) 


From Equation 19 and Equation 40 the ratio between H* and C™ 
of cholic acid in pool A is obtained. 

H*4, 
C, t 


mm H3 49 (Ar — Az) [Qn + 2 Kacdeit — (ue + 2 Kac)e'] 
C45 (ui — we) [01 + Kac)e*st — (2 + Kac)e**'] 








(41) 


\: is known from earlier investigations to be equal to —0.30 (10). 
uw is chosen to fit the experimental data. The different K valuesas 
well as Az and we are then obtained from Equations 12 and 33. 
For uw: = —0.75 and A; = —0.30, wo is —6.25, Ax = —3.82 and Kgc = 
2.88. When these values are used in Equations (19) and (40) it 
appears that the second term within the brackets may be neglected 
already after one day. The ratio between H? and C" is then: 








_ Hay Oi — 2) (m1 + 2 Kec) ss 


H'4, = 
C4, (wa = wo) 1 + Kc) 


Cc", : (uy) t (42) 


On a semilogarithmic paper, the straight line, which represents 
this simplified equation, intersects the ordinate at a value of H’- 
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There exists in human placenta, endometrium, mammary 
gland, and pituitary an enzyme system which is specifically 
stimulated by estrogens added in vitro (1,2). Extensive investi- 
gations of this system have been made in preparations of placenta 
(3, 4), and it has been shown (5, 6) that the estrogen-sensitive 
system catalyzes a pyridine nucleotide transhydrogenation. 

Two hypotheses have been offered to account for the action 
of estrogens in this system. One of these (6) states that the 
estrogen activates, by an unknown mechanism, a specific, soluble, 
pyridine nucleotide transhydrogenase analogous to the enzymes 
described by Kaplan et al. (7, 8). The other (9) ascribes the 
transhydrogenation to the activity of the enzyme estradiol-178 
dehydrogenase, which by alternately oxidizing and reducing the 
hormone, utilizing different pyridine nucleotides for the two 
reactions, could effect a net transfer of hydrogen from one 
nucleotide to another. This hypothesis implies that the steroid 
dehydrogenase is not specific with regard to pyridine nucleotide 
and that the hormone serves as a coenzymatic hydrogen carrier. 
The experiments described in this paper lead to the conclusion 
that there is present in placenta a unique estrogen-sensitive 
pyridine nucleotide transhydrogenase which does not catalyze 
the dehydrogenation of estradiol-178, and that purified placental 
(and other) 17-hydroxysteroid dehydrogenases do not catalyze 
a transhydrogenation when the conditions required by the second 
hypothesis are fully satisfied. 


EXPERIMENTAL 


Materials and Methods 


Placental Enzymes—Placentas were obtained immediately 
after delivery, cooled on ice, and homogenized within 10 minutes, 
since delay decreases the yield of enzyme. In some instances, 
20 per cent, weight per volume, homogenates were prepared in 
0.25 m sucrose and ultracentrifuged as described previously (3) 
to remove particulate matter. The material which precipitated 
from such supernatant fluids between 30 and 40 per cent satura- 
tion with solid ammonium sulfate was collected and either 


* This investigation was supported by grants from the Charles 
A. King and Marjorie King Fund and by research grant No. C2400 
from the National Institutes of Health, United States Public 
Health Service. 

t Presented in part at the meetings of the American Chemical 
Society, Boston, April 1959, and of the American Society of Bio- 
logical Chemists, Atlantic City, April 1959. 


suspended in buffer and stored in the deep freeze (whereupon the 
enzymatic activity steadily decreases) or was converted into an 
acetone powder at —15° in the usual fashion. These powders 
retained enzymatic activity for long periods of time when kept 
cold and dry. Several enzyme preparations, made by the 
ethanol-calcium phosphate gel procedure previously described 
(10), were examined as well as enzyme preparations made by the 
method described by Talalay et al. (9). 

Liver Enzymes—Guinea pig liver was homogenized in 0.25 m 
sucrose (10 per cent, weight per volume) and centrifuged 30 
minutes at 1500 X g to sediment cellular debris. The superna- 
tant fluid was centrifuged 60 minutes at 25,000 x g to sediment 
mitochondria. The latter sediment contains a testosterone 
(178-hydroxysteroid) dehydrogenase which specifically requires 
DPN as hydrogen acceptor, whereas the supernatant fluid 
contains a testosterone dehydrogenase which specifically requires 
TPN as hydrogen acceptor (11). The TPN-linked dehydro- 
genase was shown to be in the soluble protein fraction not sedi- 
mented by 57,000 xX g for 60 minutes; it is precipitated between 
50 and 75 per cent saturation by ammonium sulfate. The 
DPN-linked dehydrogenase was solubilized from the mito- 
chondria by treatment with 1 per cent digitonin for 15 minutes 
in an ice bath and then precipitated between 35 and 50 per cent 
saturation with ammonium sulfate. 

Dehydrogenase Assays—Estradiol-178 dehydrogenase was 
assayed in the recording 340 mu photometer (6) whose cuvettes 
have an effective light path of lem. The cuvette contained 200 
pumoles of Tris-HCl' buffer, pH 8.4, 10 umoles of magnesium 
chloride, 0.004 umole of zine acetate, 25 mg. of human serum 
albumin, 0.4 umole of estradiol-178 in propylene glycol, and 
enzyme, all in 3.6 ml. of water. The reaction was started 
by adding 4 umoles of DPN or TPN in 0.4 ml. of water. The 
rate of reaction was calculated from the initial, linear portion 
of the potentiometer record (6). A unit of enzyme activity was 
defined as the amount which produced a change in absorbance 
at 340 my of 0.001 per minute. 

Coupled Transhydrogenation Assays—These assays were also 
performed in the recording photometer. The cuvette contained 
120 pmoles of Tris-HCl buffer, pH 7.4, 10 umoles of magnesium 
chloride, 0.1 umole of TPN, 0.6 Kornberg unit of yeast glucose 
6-phosphate dehydrogenase (Zwischenferment), and the enzyme 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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preparation being assayed, all in 3.6 ml. of water. Four umoles 
of glucose 6-phosphate in 0.4 ml. of water were added and the 
reaction was followed until a new stable base-line was recorded, 
indicating essentially complete reduction of the added TPN. 
The subsequent addition of 4 umoles of DPN in 0.4 ml. of water 
establishes the conditions for transhydrogenation to occur. If 
the estrogen-sensitive enzyme system already contains estrogen 
(either that originally present in the placenta or that added 
during the purification procedure) an immediate reduction of 
DPN begins. If no estrogen is present the sensitive enzyme 
system does not act and no DPN reduction occurs. In the 
latter case, addition of 3 ug. of estradiol-178 in an aqueous 
suspension of the hormone (30 yg. per ml.) permits the reaction 
to begin, sometimes after a lag period of 1 or 2 minutes. A unit 
of enzyme activity was defined as the amount which produced a 
change in absorbance at 340 my of 0.001 per minute. In a few 
instances the glucose 6-phosphate and yeast glucose 6-phos- 
phate dehydrogenase were replaced by isocitrate and the TPN- 
specific yeast isocitric dehydrogenase. The accessory enzyme 
and reagents were examined daily to make certain that no DPN 
reduction occurred in the absence of the transhydrogenation 
system. 

Acetyl Pyridine Diphosphopyridine Nucleotide Transhydrogena- 
tion Assays (12)—These assays were carried out in a Beckman 
DU spectrophotometer at a wave length of 400 my. Three 
cuvettes were used; each contained, in 3.0 ml. total volume, 200 
pmoles of Tris-HCl] buffer, pH 7.4; Cuvettes 2 and 3 contained 
3 umoles of DPNH; Cuvettes 1, 2, and 3 contained 3 umoles of 
the acetyl pyridine analogue of DPN; and Cuvette 3 contained 
3 ug. of estradiol-178, added as an aqueous suspension. The 
reaction was started by the addition of an equal amount of the 
enzyme preparation to be tested to each of the three cuvettes. 
The change in absorbance was followed for a period of 20 min- 
utes. 

Starch Block Electrophoresis—The technique of Kunkel and 
Slater (13) was used with a block of purified potato starch meas- 
uring 16 X 6 X lcm. The applied potential was about 100 
volts, with the current externally limited to less than 60 ma. 
Other experimental] details are given with the results of the in- 
dividual experiments. 

Filter Paper Curtain Electrophoresis—The apparatus manu- 
factured by Spinco Division, Beckman Instruments Company, 
was used, with an applied voltage across the 35-cm. wide paper 
of about 950 volts.2 The buffer was 0.02 m barbital, pH 8.6. 


RESULTS 


The steroid dehydrogenase assays do not differ from other 
simple optical assays in which one measures the rate of produc- 
tion of reduced pyridine nucleotides, and they readily give ac- 
curate, reproducible results. Some difficulties have apparently 
been encountered in the coupled transhydrogenation assay (9) 
but these assays are quantitative and reproducible if the condi- 
tions specified are adhered to. It is important to use an ade- 
quate excess of TPN-specific enzyme and its substrate to main- 
tain all of the added TPN in the reduced state, and to monitor 
this phase of the reaction to insure the completion of the re- 
duction before beginning the transhydrogenation assay itself. 
Fig. 1 shows that under these conditions the observed enzyme 


2 These experiments were done through the generosity of Dr. 
David Elwyn. 
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Fic. 1. Proportionality of observed activity and amount of 
enzyme preparation. The assays were performed as described 
in the text with varying amounts of a buffered solution of an 
acetone powder enzyme preparation which contained 15 mg. of 
protein per ml. 


activity is proportional to the amount of enzyme added over a 
range suitable for accurate assay purposes. 

If the transhydrogenation reaction were mediated by a single 
steroid dehydrogenase (9), it would be anticipated that the ratio 
of these two enzymatic activities, measured under standardized 
conditions, would remain constant throughout all attempts at 
purification of the enzyme system. Table I shows clearly that 
this is not the case. The transhydrogenation activity of these 
preparations varies 100-fold whereas that of the DPN-coupled 
dehydrogenase varies about 23-fold and the TPN-coupled de- 
hydrogenase varies (in a smaller number of preparations) over a 
range of 10. The ratios of the enzyme activities reflect this 
independence in that the ratio of transhydrogenation to dehy- 
drogenation varies over a 10-fold range with either DPN or TPN 
as the hydrogen acceptor in the dehydrogenation. 

The data from which these two sets of mean ratios were calcu- 
lated were subjected to an analysis of variance. These statistical 
analyses both showed that the probability is less than 0.01 that 
the ratios could have been selected by chance from the same 
population. It may be inferred, therefore, that the ratio of trans- 
hydrogenation activity to steroid dehydrogenase activity (with 
either DPN or TPN as acceptor in the latter case) is not con- 
stant, and further that the source of the observed variation lies 
outside the biologic variation from one placenta to another and 
outside the experimental errors involved in the determinations of 
enzymatic activity. Thus these results indicate that more than 
one enzyme is responsible for the several activities under con- 
sideration. 

The data of Table II demonstrate that the two enzyme activi- 
ties under consideration are differentially inhibited by an organic 
mercury compound, there being a consistent 10-fold difference in 
inhibitor concentration required to produce comparable degrees 
of reduction of enzyme activity. 

Ball and Cooper (14) have demonstrated that thyroxine 
inhibits the mitochondrial transhydrogenase of beef heart dis- 
covered by Kaplan etal. (8). There is a striking difference in 


the response of the two placental enzyme activities to thyrox- 
ine. Thyroxine at a concentration of 1 x 10-5 m produces 4 
70 per cent inhibition of the placental estrogen-sensitive trans- 
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Activity of various enzyme preparations 
Enzyme preparations were made and activities determined as described in the text, and are expressed as units activity per mg. of 
protein + the standard error of the mean. The number of preparations assayed is given in parentheses. 





| Estradiol-178 Dehydrogenase | | 


Ratios of activities* 
| 





Preparation 


Estrogen-sensitive 














: : |  transhydrogena- | Transh drogena- Transhydrogena- 
"acceptor | “receptor Non | tag DEN coupled| tion: TEN inked 
1. 57,000 X g supernatant of 20% placenta homog- | 20 + 1 0.53 + 0.06 0.027 
enate in 0.25 M sucrose | (7) (7) | 
2. Same, dialyzed 16 hrs. at 0° | 64240.7 | 0.82 + 0.06t | 0.143 
(18) (18) | 
3. Material pptd. from Preparation 2 between 30 | 42+ 8 7.8 + lf 0.284 
and 40% saturation with ammonium sulfate (12) (12) 
4. Acetone powder from Preparation 3 5447 | | 4.2 + 0.5 0.087 
(6) | (6) 
5. Ethanol ppt. from Preparation 1 adsorbed onto | 9.1 + 2 | 2.6 + 0.7t 0.281 
and eluted from Ca;(PO,)> gel (5) (5) 
6. Supernatant from CaCl.-treated homogenate 43408 | 2546.2 0.22 + 0.06 0.057 0.094 
| (5) (5) (5) 
7. Material pptd. from Preparation 6 between 30| 23 + 11 | 5.8 + 2 0.285 
and 40% saturation with ammonium sulfate | (3) (3) 
8. Same, after heating at 56° for 15 min. and cen- | 28 + 8 14+ 8 | 5.542 0.254 0.550 
trifuging | (3) (3) (3) 
9. Material pptd. from Preparation 8 between 15 71+ 1 17+ 1 18 + 6 0.262 1.104 
and 20% saturation with ammonium sulfate (2) (2) | (2) 
10. Material pptd. from Preparation 8 between 20 100 + 14 27 + 4 | 244 10 0.238 0.916 
and 25% saturation with ammonium sulfate | (3) (3) (3) | 








* The ratios are the means of the individual enzyme activity ratios from the same experiments. 


t In these assays, the glucose 6-phosphate and its dehydrogenase were replaced by isocitrate and its dehydrogenase, derived from 


yeast. 


hydrogenase. Triiodothyronine inhibits the estrogen-sensitive 
enzyme to a slightly lesser extent but tyrosine and diiodo- 
tyrosine have no inhibitory effect at this concentration. The 
thyroxine inhibition can be overcome, at least in part, by in- 
creasing the concentration of estradiol (Fig. 2). The inhibi- 
tory effect is identical whether measured by the coupled 
glucose 6-phosphate dehydrogenase assay or by the transfer 
of hydrogen from DPNH to the acetyl pyridine analogue of 
DPN. It would seem that thyroxine does not produce this 
inhibition by binding some divalent cation, for the inhibition 
of the coupled enzyme system (which requires Mg++ or 
Mn++) is not overcome by increasing the concentration of 
cation 10-fold, and the inhibition is also evident in the DPNH- 
acetyl pyridine DPN system which does not require any added 
divalent cation. 

In contrast, the same concentration of thyroxine has no inhibi- 
tory effect on placental estradiol-178 dehydrogenase with either 
DPN or TPN as hydrogen acceptor (Fig. 3). The testosterone 
dehydrogenases of the guinea pig liver are also not inhibited by 
this concentration of thyroxine. The mitochondria of guinea 
pig liver contain a very active transhydrogenase which is not 
steroid-stirqulable and is not inhibited by thyroxine even at a 
concentration of 5 X 10-5 M. 

Under certain conditions, the enzymes under consideration 
are relative'y stable to thermal inactivation (9). Fig. 4 shows 
the result of prolonged heating of an enzyme preparation, and 
it is clear that the dehydrogenase activities disappear more 
rapidly than the transhydrogenase. 

Preparations 9 and 10, Table I, indicate that the three pla- 





TaB_e II 
Inhibition studies with p-chloromercuriphenyl sulfonic acid 


Each value is the mean of determinations on four or more differ- 
ent enzyme preparations, expressed in units activity per mg. of 
protein. The transhydrogenation assays were carried out in the 
presence of isocitrate and an excess of purified isocitric dehydro- 
genase more than sufficient to maintain all of the TPN present in 
the reduced state despite the presence of the inhibitor. Omission 
of albumin and zinc from the dehydrogenase assays did not affect 
the degree of inhibition by the mercurial compound. 





| 
Final concentration of } 





Transhydrogenation | Estradiol-178 
inhibitor activity dehydrogenase activity 

— | 
“ | 

0 4.8 | 23 

5 xX 10-* | 3.5 27 
10-5 | 2.3 | 
5 X 10-5 0.3 
10" | 





cental enzyme activities under consideration are not resolved 
by ammonium sulfate fractionation and experiments in which 
the salt was added in smaller increments confirmed this impres- 
sion. Talalay et al. (9) were also unable to separate the enzyme 
activities by ammonium sulfate fractionation. However, the 
higher resolving power obtainable by electrophoresis is capable 
of separating the enzymes. The results of subjecting the en- 
zymes to continuous flow curtain electrophoresis on paper are 
shown in Fig. 5. There is a clear-cut separation of the prepara- 
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tion into fractions with three unique enzymatic activities: a 
DPN-linked estradiol-178 dehydrogenase, a TPN-linked estra- 
diol-178 dehydrogenase, and an estrogen-sensitive pyridine nu- 
cleotide transhydrogenase. The transhydrogenase did not have 
0.0. 
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Fia. 2. Effects of estradiol and thyroxine (T,) on the transfer 
of hydrogen from TPN to DPN by placental enzymes. 4A. Protein 
precipitated by addition of ammonium sulfate to 40 per cent 
saturation was redissolved in 0.1 m Tris buffer, pH 7.4. Each 
cuvette contained 1.0 ml. of protein in Tris buffer, 10 umoles of 
Mn**, 3 umoles of glucose 6-phosphate, 0.6 Kornberg unit of yeast 
glucose 6-phosphate dehydrogenase, and estradiol to a final con- 
centration of 4 X 10-§ m. The control cuvette contained no 
thyroxine; the final concentrations of thyroxine in Cuvettes 2 and 
3 were 1 X 10-' mM and 3 X 10-° M, respectively. At the times 
indicated, 1.5 umoles of DPN and 0.075 umole of TPN were added. 
The total volume in each cuvette was 3.0 ml. 


0.0. 
TRIS BUFFER, pH 7.4; Mn**; Ro. 49; GLUCOSE -6- PO. 


4x10"M ESTRADIOL 
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7 + KIO°M: THYROXINE 
34 j 


—— 4*10°7M ESTRADIOL 
+ 1X10°°M THYROXINE 








i 20 30 40 #£«9§0 60 
MINUTES 

Fig. 2B. All conditions were the same as in Fig. 2A. except for 
the concentrations of estradiol and thyroxine, which were as 
indicated. Estradiol and thyroxine were added at zero time. 
The reversal of thyroxine inhibition is evident from the greater 
slope of the line, after an initial lag period, in the presence of the 
higher concentration of estradiol. 
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Fig. 2C. Thyroxine inhibition of the estradiol-sensitive trans- 
fer of hydrogen from DPNH to the acetyl pyridine analogue of 
DPN, measured by the absorbance of reduced acetyl pyridine 
DPN at 400 mu. Each cuvette contained, in 3.0 ml. total volume, 
200 umoles of Tris buffer, pH 7.4, 3 umoles of acetyl pyridine DPN, 
and 0.05 ml. of a second ammonium sulfate precipitate (9). Cu- 
vettes 2 and 3 contained 3 ug. of estradiol and 3 umoles of DPNH. 
Cuvette 3 contained 23 wg. of thyroxine. The reaction was started 
by the addition of the enzyme and Cuvettes 2 and 3 were read 
against Cuvette 1 as a blank. 


detectable estradiol dehydrogenase activity, and mixtures of the 
two dehydrogenases did not catalyze transhydrogenation under 
the conditions of the regular assay. 

Fig. 6 shows the result of electrophoresis in a starch block. 
Under these conditions the transhydrogenase is separable from 
the two dehydrogenases but the latter are not well resolved. 

Purified TPN-specific testosterone dehydrogenase and purified 
DPN-specific testosterone dehydrogenase were prepared from 
guinea pig liver. A mixture of these two enzymes was unable 
to transfer hydrogen from TPNH to DPN with yeast glucose 
6-phosphate dehydrogenase serving as a TPNH-generating sys- 
tem in the presence of either testosterone or estradiol. The 
mixture of enzymes was also unable to transfer hydrogen from 
DPNH to the acety] pyridine analogue of DPN in the presence of 
either testosterone or estradiol. Thus, mixtures of enzymes 
which cause rapid dehydrogenation of the 178-hydroxysteroid, 
either testosterone or estradiol, did not catalyze the transfer of 
hydrogen from one pyridine nucleotide to another. 


DISCUSSION 

These results demonstrate that the estrogen-sensitive enzyme 
system of human placenta is a soluble enzyme which specifically 
catalyzes the reaction: 


TPNH + DPN* — DPNH + TPN* 


and which is therefore similar to the pyridine nucleotide trans- 
hydrogenases studied by Kaplan and his colleagues. The puri- 
fied placental enzyme does not catalyze the dehydrogenation of 
estradiol-178 at an appreciable rate under the experimental 
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Fic. 3. Effect of thyroxine (1 X 10-5 M) on estradiol-178 de- 
hydrogenases. Each cuvette contained 200 umoles of Tris buffer 
pH 8.4, 10 umoles of MgCl2, 0.004 umole of zinc acetate, 25 mg. 
of human serum albumin and 0.1 ml. of a second ammonium 
sulfate precipitate (9). Cuvettes 1 and 2 contained 0.1 ml. of 
propylene glycol, and Cuvettes 3 and 4 contained 0.4 umole of 
estradiol-178 in propylene glycol. Cuvettes 2, 3, and 4 contained 
1.5umoles of DPN or TPN. Cuvette 2, to which no estradiol was 
added, showed no change in absorbance. Cuvettes 3 and 4 with 
DPN present (@) showed rapid reduction of the DPN but the 
rate was unaffected by the presence of thyroxine. Cuvettes 3 and 
4 with TPN present (©) showed a rate of reduction about one- 
half as rapid as with DPN but again the rate was unaffected by 
the presence of thyroxine. 
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Fic. 4. Differential thermal inactivation of transhydrogenase 
and dehydrogenases. A second ammonium sulfate precipitate (9) 
in a solution containing 0.001 m Tris-HCl buffer, pH 7.4, 0.001 m 
ethylenediamine tetraacetic acid, and 0.001 m cysteine was heated 
to 56° with gentle agitation. At the times indicated aliquots were 
temoved, centrifuged to remove the precipitated protein, and 
assayed. The original protein concentration was 0.69 mg. per ml. 


D. D. Hagerman and C. A. Villee 


2035 


ENZYME ACTIVITY 

Units /mgm. protein 
Transh 

TPN-dehyd, OPN-dehyd, 











10 100 
TRANSHYDROGE N ASE 
8 804 
6 60+ 
a 
4 40 
one 
{\ 
° 3 1\ 
24 204 ae 1\ 
“ee 1 \ 
. ? i \ 
: i 1 | 
$-+980-0-0-00-8 o-» 8-98-4- ins ~~ 
wr SOOooy ewe ye re 
! 
5 10 5 20 25 » 


FRACTION NUMBER 


Fic. 5. Separation of enzyme activities by filter paper curtain 
electrophoresis. A second ammonium sulfate precipitate (9) 
was dissolved in 0.02 m barbital buffer, pH 8.6, and run in the 
Beckman apparatus for 5 hours at 900 volts and 63 ma. The 
collected fractions were assayed as described in the text. 
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Fic. 6. Separation of enzyme activities by starch block elec- 
trophoresis. A second ammonium sulfate precipitate (9) was 
dissolved in 0.05 m barbital buffer, pH 8.6, mixed with starch, and 
inserted into a slot in the block which had previously been pre- 
pared with the same buffer. The potential was 90 volts for 11 
hours at 5°. The block was sectioned and the fractions were 
eluted from the starch with 0.2 m phosphate buffer, pH 7.4. 


conditions used, with either DPN or TPN as a hydrogen ac- 
ceptor. It would seem, therefore, that the reversible oxidation- 
reduction mechanism for this reaction which has been suggested 
(9), is incorrect. 

In the course of studies of the steroid-insensitive transhy- 
drogenases of Pseudomonas fluorescens and of mammalian tis- 
sues, it was shown that the transhydrogenation reaction could 
not be mimicked by any of several dehydrogenases, such as lactic 
or glutamic dehydrogenase, although these enzymes will use 
either DPN or TPN as hydrogen acceptor (7). Transhydrogena- 
tion reactions catalyzed by dehydrogenases have recently been 
demonstrated for highly purified glutamic dehydrogenase, lactic 
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dehydrogenase (15), and 3a-hydroxysteroid dehydrogenase (16). 
However, with glutamic dehydrogenase and lactic dehydrogen- 
ase, demonstration of transhydrogenation required very high 
concentrations of pyridine nucleotides, and the transhydrogena- 
tion catalyzed by the 3a-hydroxysteroid dehydrogenase seems to 
proceed at a very low rate, so that the physiological importance 
of these mechanisms is debatable. Some physiological role of 
lactic dehydrogenase in a similar reaction may be implied by the 
experiments of Kinoshita (17) with corneal epithelium. 

The studies of the binding of the hormone to the estrogen- 
sensitive transhydrogenase described previously (10) are vali- 
dated by the present demonstration of the nature of the reaction, 
although the details of the mechanism by which estrogens acti- 
vate the placental transhydrogenase are still unknown. Never- 
theless, the available evidence indicates that two biochemical 
mechanisms may be available to the body to dispose of TPNH 
without loss of its potential energy: the action of specific trans- 
hydrogenases and, possibly, substrate-mediated transhydrogena- 
tion reactions. Both of these mechanisms avoid the loss of 
energy which results from the direct oxidation of TPNH without 
prior conversion to DPNH, and both may be important to the 
cell, although quantitative studies in intact cells of the various 
pathways involved are as yet fragmentary. 

The available evidence that placental transhydrogenase is 
directly related to the physiological effects of estrogens has been 
summarized (18). We have recently observed a stimulatory 
effect of estrogens on the ability of placenta slices to concentrate 
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amino acids in vitro,? and it may be possible to utilize this phe- 
nomenon in the further analysis of the physiological role of the 
estrogen-sensitive transhydrogenase. 

The experiments with the bacterial transhydrogenase led Kap- 
lan et al. (19) to the theory that the transfer of hydrogen occurs 
by some direct interaction between the two pyridine nucleotides 
which must be bound simultaneously to the enzyme. They 
postulated that there must be two sites on the enzyme for the 
binding of the two pyridine nucleotides involved. In addition, 
there must be a third site to which another molecule of pyridine 
nucleotide must be bound to activate the enzyme. Perhaps the 
placental transhydrogenase also has three sites, two for the two 
pyridine nucleotides and a third to which estradiol must be 
bound for the enzyme complex to be active. It is conceivable 
that the steroid, while bound to the enzyme, participates in some 
way in the transfer of hydrogen from one pyridine nucleotide to 
another. 


SUMMARY 


Evidence is presented which demonstrates that the estrogen- 
sensitive enzyme of human placenta is a soluble pyridine nucleo- 
tide transhydrogenase, separate and distinct from the estradiol 
dehydrogenases present in the same tissue. 


Acknowledgment—the authors are indebted to the Misses F. 
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Preputial Gland Tumor Sterols* 


I. THE OCCURRENCE OF 24,25-DIHYDROLANOSTEROL AND A COMPARISON WITH 
LIVER AND THE NORMAL GLAND 


A. A. Kanputscu AND A. E. RussELL 


From the Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Maine 


(Received for publication, March 23, 1959) 


Interest in the distribution of cholesterol and other sterols in 
mouse skin led to an investigation of the preputial gland as an 
example of a sebaceous gland that is easily separated from other 
tissues. The complicated sterol mixture which was indicated 
(1) could not be investigated extensively in the gland because of 
its small size. Relatively large amounts of sterol could, how- 
ever, be obtained from a transplantable preputial gland tumor 
which retains a highly differentiated form (2). 

The application of the column chromatographic procedures 
described in this paper to the sterol fraction of the tumor re- 
sulted in the identification of six different sterols and indicated 
the presence of at least three more. One of the sterols was 
identified as dihydrolanosterol, a sterol previously found only in 
wool fat. Comparison of the tumor sterols with those of the 
normal gland and of liver indicated characteristic qualitative 
and quantitative features for each tissue. 


EXPERIMENTAL 


The preputial gland tumor was inoculated subcutaneously 
with a trocar into the axial region of C57BL/6 mice. It was 
harvested from 2 to 4 weeks later, smaller, younger tumors being 
used for incubation with labeled acetate. Preputial glands and 
livers used were obtained from the same mouse strain. 

Isolation of Sterol Mixture—The isolation of a relatively large 
amount of sterol was carried out as follows: Tumor (800 gm.) 
which had been collected over a period of 5 months and kept 
frozen at —20° was homogenized in a Waring Blendor with 500 
ml. of chloroform. Acetone was added to the slurry until sepa- 
rate chloroform and water layers disappeared and then the mix- 
ture was centrifuged. The supernatant solution was poured off 
and evaporated on a rotating vacuum evaporator. The sedi- 
ment was extracted further in a large Soxhlet apparatus for 24 
hours with acetone and 24 hours with petroleum ether. The 
extracts were combined, dried with anhydrous Na2SO,, and the 
solvents were evaporated to yield 120 gm. of dry lipide. Saponi- 
fication was carried out by refluxing the lipide with 63 gm. of 
KOH in 630 ml. of 90 per cent ethanol for 8 hours under nitro- 
gen. The nonsaponifiable fraction, extracted with ether and 
dried, weighed 50 gm. The nonsaponifiable fraction was dis- 
solved in methanol and on cooling, crystalline sterols separated 
which, after a second crystallization from methanol, weighed 
88 gm. The combined mother liquors were evaporated, the 


* Supported by a research grant, C-2758, from the National 
Cancer Institute of the National Institutes of Health, United 
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residue was dissolved in 95 per cent ethanol, and digitonin in 
90 per cent ethanol was added to excess. Regeneration of the 
washed digitonides with pyridine and crystallization from metha- 
nol gave 1.2 gm. of sterol (total sterols = 1.25 per cent of the wet 
weight of tumor). 

When sterols were obtained from smaller amounts of tissue, 
the lipides were extracted, saponified, and the nonsaponifiable 
fraction separated as described above. The entire sterol mix- 
ture was then precipitated with digitonin. The digitonide was 
washed thoroughly and the sterols were regenerated with pyri- 
dine. The nonesterified sterol fraction was obtained by pre- 
cipitation with digitonin before saponification. When tissues 
had been incubated with labeled acetate, saponification was ac- 
complished by refluxing the incubation mixture for 8 hours under 
nitrogen with KOH and ethanol in concentrations of 17 and 
50 per cent, respectively. The nonsaponifiable fraction was re- 
moved by extraction with ether, the ether was evaporated, and 
the sterols were precipitated with digitonin. After thoroughly 
washing the digitonides with 1:2 acetone-ether, and ether, the 
sterols were regenerated with pyridine. 

Chromatography—The best procedure developed for the separa- 
tion of a relatively large amount of sterol mixture into its com- 
ponents was as follows: Four to 6 gm. of the sterol mixture were 
chromatographed on a column of 3:1 silicic acid-Celite, 8.5 « 45 
em. The adsorbent was poured in as a slurry and packed under 
pressure. The sterols were placed on the column in 80 ml. of 
1:3 benzene-petroleum ether (Skellysolve C) and washed in with 
the same solvent mixture. Gradient elution going from petro- 
leum ether to benzene, beginning with 2 1. of petroleum ether in 
the mixing flask and benzene in the upper flask, was employed. 
A magnetic stirrer under the mixing flask was used to mix the 
solvents. All solvents were distilled before use. Thirty-ml. 
fractions were collected with an automatic fraction collector and 
sterols were determined with the modified Liebermann-Burchard 
reagent (1:20 sulfuric acid-acetic anhydride). Overlapping por- 
tions of the curves for cholesterol, 7-dehydrocholesterol, and 
A’-cholestenol were resolved by measurements of the color pro- 
duced by reaction with the Liebermann-Burchard reagent, 14 
and 30 minutes after adding the reagent, combined with meas- 
urements of the light absorbed by the sterol mixture at 281.5 
my (1). After 4 days no more sterols were eluted and the col- 
umn was extruded and tested with the Liebermann-Burchard re- 
agent. An intense blue color developed over the upper-half of 
the column indicating large amounts of highly. polar sterols. 
(Evidence that these sterols were, in a large part, products re- 
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Fic. 1. Elution pattern: 4 gm. of tumor sterols chromatographed on a column of 3:1 silicic acid-Celite 8.5 X 45cm. Sterols were 


masur ed with Liebermann-Burchard reagent. The time for maximal color development is shown in parenthesis. 


meeasured at a wave length of 460 my, all others at 620 mz. 


sulting from the oxidation of 7-dehydrocholesterol was obtained 
by chromatographing commercial 7-dehydrocholesterol.) Frac- 
tions within a band were pooled and the solvents were evaporated 
in a vacuum oven. Tubes containing overlapping portions of 
two sterol curves were subjected to further fractionation pro- 
cedures, such as those described below for 7-dehydrocholesterol 
and A’-cholestenol, or were pooled and rechromatographed. 
The recovery of sterols in the eluate as determined by Liebermann- 
Burchard measurements was approximately 60 per cent. 

The above procedure was arrived at after considerable experi- 
mentation. Attempts to separate the sterols as the azoyl esters 
(3) were completely unsuccessful since the sterols moved as a 
single diffuse band. Development and elution of free sterols 
with benzene alone (4) resulted in several distinct bands but did 
not separate Y; from Y2, or cholesterol from 7-dehydrocholesterol. 
Development of the column with successive amounts of petro- 
leum ether and mixtures of petroleum ether with increasing 
amounts of benzene followed by 1:4 petroleum ether-benzene 
resolved all the peaks shown in Fig. 1 except Bs, although bands 
overlapped to a larger extent. For amounts of sterol from 80 
mg. to 2.0 gm., a column of adsorbent 5 X 35 cm. was used with 
1 1. of petroleum ether in the mixing flask and 1:4 petroleum 
ether-benzene in the upper flask. For amounts of sterol from 5 
to 80 mg., the column was 2.5 X 25 cm. and 500 ml. of petroleum 
ether were placed in the mixing flask. The use of 2:1 silicic acid- 
Celite for smaller amounts of sterol in place of the 3:1 mixture, 
used with large amounts, increased the rate of movement of the 
bands without decreasing the degree of resolution. 

Derivatives—Benzoylation was accomplished by heating with 
benzoyl chloride and pyridine. Acetylation was with acetic 
anhydride and pyridine. When milligram amounts were acet- 
ylated care was taken to prevent oxidation (5). Acetates and 
benzoates of Yi, Yo, and B, (Fig. 1) were usually crystallized to 
constant melting point from methanol-methylene chloride, or 
from acetone-methanol. However, because of the insolubility 
of Yi benzoate it was found more convenient to crystallize 
relatively large, amounts of this derivative from acetone-pe- 
troleum ether. The maleic acid adduct of 7-dehydrocholesterol 
was formed by refluxing the acetate with maleic anhydride (6). 
After separation of the adduct from the reaction mixture by the 
usual method, it was purified by crystallization from ethyl ace- 
tate. 


Y, and Ye were 


Hydrogenation—Quantitative hydrogenations were carried out 
in a Warburg apparatus with a 15-ml. flask without a center well 
and with one side arm. Adam’s catalyst (usually 10 mg.) was 
placed in the flask with 2 ml. of glacial acetic acid or ethyl ace- 
tate. The solvent used in the flask was also used in the manom- 
eter after coloring it by the addition of a few crystals of neutral 
red or Sudan IV dye. Three to 5 mg. of sterol in a small glass 
tube were placed in the side arm. After the catalyst had been 
saturated with hydrogen, the sterol contained in the tube was 
tipped in and hydrogen uptake was measured at intervals of a 
few minutes until the reaction stopped. The reaction was car- 
ried out at room temperature with no water in the apparatus. 

Incubation—Before comparison of the sterol compositions of 
different tissues, sterols were labeled biosynthetically with C, 
Slices of tumor or livers, or minced normal glands were incubated 
with sodium acetate-1-C' in Krebs-Ringer bicarbonate buffer, 
pH 7.4. Incubations were carried out with shaking in 50-ml. 
flasks' in a Warburg apparatus at 37° in an atmosphere of 5 per 
cent carbon dioxide, 95 per cent oxygen. After incubation for 2 
hours, tissues were killed by the addition of ethanolic KOH. 

The isolated sterols were chromatographed on a column of 2:1 
silicie acid-Celite 2.5 25 cm. with the use of gradient elution. 
After 4 days when the band containing A’-cholestenol had been 
eluted from the tumor sterol column, 1.5 1. of 15 per cent ether 
in benzene was allowed to pass through the column. Eight-ml. 
fractions were collected and the solvent was evaporated from the 
tubes in a vacuum oven. Alternate tubes were used for sterol 
measurements with the Liebermann-Burchard reaction and for 
C™ analysis. To determine radioactive carbon an aliquot of the 
fraction in chloroform was plated on a stainless steel planchet to 
form an infinitely thin layer of sterol and radiation was measured 
with a gas flow counter fitted with a Micromil window.” 


RESULTS 


The number of bands eluted and the resolution attained when 
relatively large amounts of sterol were chromatographed is 
shown in Fig. 1. Characteristics of the sterols obtained from 
the respective bands are described below. The first four sterol 
preparations were obtained from one chromatographic separation 


1 Provided by Gilson Medical Electronics, Middleton, Wiscon- 
sin. 
2 Nuclear-Chicago Corporation, Chicago, Illinois. 
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TaBLeE I 
Comparison of Y; and Y: with dihydrolanosterol and lanosterol 
Free | Benzoate | Acetate 
Sterol | 
m.p. | [a]p* m.p [e]p | m.p. lelp 
— } 
Re. Sarita De. acti Saale te 138-139.5° | +58.5 | 192° +76.0 | 119.5-120.5° +55.7 
(c, 1.64) (c, 1.51) (c, 2.11) 
BS dati, beac | 134.5-135.5° | 462.0 186° +74.0° 121-122° +54.5 
(c, 1.94) (ce, 0.91) (c, 1.00) 
Dihydrolanosterol (7).........| 144.5-145.5° | +60.3 | 194-195° +67.8 120-121° +58.5 
| er | 143° +51.0 119-120° 
Lanosterol Boss xe a 140-141° +62.0 127-128° +64.0 
|e +57.9 | 191° +74.2 
ROR: 138.5-139° | +60.7 | 130-131° | +65.3 








* All rotations were measured in chloroform. 


+ Probably Y2 preparations were always contaminated by a small amount of Y:. 


Ruzicka (7) has shown that the acetates of lan- 


osterol and dihydrolanosterol form mixed crystals, m.p. 113.5-114.5°, [a]p +55.2°. 


of 6 gm. of sterol mixture, while cholesterol, 7-dehydrocholesterol, 
and A’-cholestenol were obtained from 6.8 gm. of sterol mixture 
initially chromatographed in two batches. 

Y;, and Y:—The amount of Y, in the pooled fractions de- 
termined by Liebermann-Burchard measurements was 129 mg. 
Crystallization from methanol-methylene chloride gave 125 mg., 
m.p. 137°. A second crystallization from the same solvents 
raised the melting point to 138-139.5°, which was unchanged by 
further recrystallizations from methanol-methylene chloride or 
ethanol. 

Estimated by means of the Liebermann-Burchard reaction, 
the amount of Y2 in the pooled band was 90 mg. Since the 
extent to which the Y2 band was contaminated by the trailing 
edge of the Y, band was difficult to determine, the Y; band was 
rechromatographed on a column 5 X 40 cm., and the small Y, 
band which appeared was discarded. After crystallization from 
methanol-methylene chloride, the rechromatographed Y, (70 
mg.) melted at 128-129.5°. Two further crystallizations from 
the same solvents raised the melting point to 134.5-135.5°. 
Further crystallizations from methanol-methylene chloride or 
ethanol, or bromination (5) followed by regeneration with zinc 
did not raise the melting point. Although the melting points of 
Y, and its derivatives were somewhat lower than those recorded 
for lanosterol (Table I), the optical rotations were very similar. 
The identity of this sterol with lanosterol was further indicated 
by comparison with a sample of authentic lanosterol kindly 
supplied by Dr. Konrad Bloch of Harvard University. The 
infrared absorption spectra‘ and the ultraviolet absorption spec- 
tra of the sulfuric acid chromogens of Y2 and lanosterol were 
identical. Chromatography of 0.96 and 0.97 mg., respectively, 
of chromatographically pure Y, and Y2, biosynthetically labeled 
with C4, with 4.25 mg. of lanosterol resulted in a 4.7-fold reduc- 
tion (theoretical = 5.4-fold) in the specific activity of the re- 
isolated Y2 while the specific activity of Y; was unchanged. 

Elementary analyses® of Y, and its derivatives compared with 


* All melting points were corrected. 

‘ Infrared spectra of sterols in pressed KBr pellets were regularly 
recorded with a Perkin-Elmer infracord spectrophotometer. In- 
frared spectra for Yi, Y2, and authentic lanosterol in KBr pellets 
were also recorded on a Perkin-Elmer model 21 by The Sadtler 
Research Laboratories, Philadelphia, Pennsylvania. 

5 All elementary analyses were made by the Schwartzkopf 
Microanalytical Laboratory, Woodside, New York. 





the empirical formulas for lanosterol and its derivatives as shown 


below. 


Calculated 


Yo (CsoH 500) C 84.44, H 11.81 
Y2 acetate (C32H5:0) C 81.99, H 11.18 
Y2 benzoate (Cs7H 502) Cc 83.72, H 10.25 


Found 


C 84.03, H 12.16 
C 81.81, H 11.10 
C 83.64, H 9.93 


In addition to its faster rate of movement on the chromato- 
graphic column, the sterol labeled Y, differed from lanosterol in 
its infrared spectrum and in the ultraviolet absorption spectrum 
of its sulfuric acid chromophore. Unlike Y2, Y; did not pre- 
cipitate with bromine. Further, while lanosterol isolated from 
the tumor (Y,) took up 0.9 and 1.0 mole of hydrogen in the 
presence of platinum when glacial acetic acid or ethyl acetate, 
respectively, was used as the solvent, Y, did not take up hy- 
drogen in either solvent. This fact along with the close simi- 
larity of the physical constants of the sterol and its derivatives 
to those recorded for 24,25-dihydrolanosterol (Table I) sug- 
gested the identity of these two sterols. To test this identity 
further, 18 mg. of biosynthetically labeled lanosteryl acetate 
prepared from the tumor was catalytically reduced with plati- 
num in ethyl acetate. The dihydrolanosteryl acetate produced 
through this reaction had an infrared spectrum identical with 
that of the acetate of Y;. Eight mg. of the C-labeled synthetic 
dihydrolanosteryl acetate were added to 32 mg. of unlabeled 
acetylated Y; (mixed melting point 119°) to give a final specific 
activity of 145 c.p.m. per mg. After two crystallizations from 
methanol which did not change the specific activity (141 ¢.p.m. 
per mg.) the mixture was saponified with 3 per cent methanolic 
KOH and chromatographed on a column 2.5 x 25 ecm. with 
the use of gradient elution. Measurements with the Lieber- 
mann-Burchard reagent showed a single peak in the eluate which 
was identical with the peak obtained by isotope measurements. 
Elementary analyses of Y, and its derivatives compared with 
the empirical formulas for dihydrolanosterol and its derivatives 
as shown below. 


Calculated Found 
Y1 (CsoH520) C 84.04, H 12.23 C 83.90, H 12.33 
Y; acetate (C32H;,O2) C 81.64, H 11.56 C 82.15, H 11.38 
Y, benzoate (C37H;.02) C 83.40, H 10.59 C 83.16, H 10.63 
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B,—This sterol appeared as a band between, and entirely over- 
lapped by, Yi and Y2. Its presence was indicated by the de- 
velopment of a blue color which reached maximal intensity at 
620 my 3 minutes after the addition of the Liebermann-Burchard 
reagent. Since the yellow color produced by the reaction of Y; 
or Y2 with the Liebermann-Burchard reagent did not appear 
until much after 3 minutes, these sterols did not interfere with 
the measurement of absorbance due to B;. Efforts to obtain 
B, in a pure form have been unsuccessful. Indeed in all prep- 
arations it has been the minor component with Y, and Y, pre- 
dominating. Examination of such mixtures indicated that B, 
precipitates with digitonin and gives a positive Tortelli-Jaffe 
test. 

B.—Liebermann-Burchard determinations on the eluate in- 
dicated the presence of 388 mg. of Bz in the pooled fractions. 
A single crystallization from methanol gave 382 mg. of a product 
which melted at 136.5-137.5°, [aly +55.2°, (c, 1.85). Further 
crystallizations out of methanol or out of acetone:water or 
acetone :methanol did not change the melting point. The ace- 
tate melted at 106.5-108.5°, [a]p +64.0° (c, 1.83). The ben- 
zoate softened at 119° and melted at 123-124°, [a]p +81.5° (ce, 
1.80). When Bz was hydrogenated in acetic acid, no detect- 
able amount of hydrogen was taken up in 2 hours. However 
after 5 hours, an amount of hydrogen, calculated as 0.2 mole, 
with the formula C3,:H;,O for Bz acetate, was taken up. This 
is in contrast to the hydrogenation of Y. acetate where from 


TaBLe II 
Concentrations of sterols in tumor 























Mg. per gm. wet weight of tumor 
Sterol 

Free Esterified Total* Totalt 
REE ee trace 0.28 0.28 0.22 
Rea aan haa epee trace 0.16 0.16 0.11 
Ree ake i trace 0.68 0.68 0.24 
Cholesterol.......... 2.58 3.43 6.01 1.32 

7-Dehydrocholes- 
RS ok Soh 6 vi9s.x ser 0.35 9.30 9.65 0.05 
A’-Cholestenolf...... trace 0.56 0.56 0.39 





* These values are the sums of those in Columns 2 and 3. The 
tumor was harvested 4 to 5 weeks after inoculation. 

t+ Tumor harvested 11 days after inoculation. 

¢ Calculated from total Liebermann-Burchard absorbance 
minus absorbance due to overlapping 7-dehydrocholesterol as 
determined by absorption of ultraviolet light. (The values in- 
clude interference due to sterol B;.) 


TaBLeE III 


Incorporation of sodium acetate-1-C'4 into 
sterols of tumor and other tissues 

















‘ (C.p.m. in 
‘ Gm. . C4/ml. 4 
Tissue Total «(OM fates | baer sterols” X10 9)/ 
gm. | 
MOE oioccesvscees 3.5 0.35 7.15 642.1 
ee LT Tee 13.0 «(0.58 7.15 10.5 
Normal gland...... 8.0 | 0.40 5.0 5.6 





* The sum of all counts found in the radioactive peaks of the 
elution patterns shown in Fig. 2. 
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90 to 100 per cent of a mole of hydrogen was taken up within 
20 minutes in either acid or neutral medium. Be gave a posi- 
tive Tortelli-Jaffe test and the reaction with the Liebermann- 
Burchard reagent was similar to that of a sterol with a double 
bond in position 8, 8(14), or 14 (9). 

Cholesterol, 7-Dehydrocholesterol, and A’-Cholestenol—A single 
crystallization from methanol gave 1.34 gm. of cholesterol, m.p, 
146°. A second crystallization from methanol raised the melting 
point to 147.5°, [a]p —40.0° (c, 1.81). The mixed melting point 
with authentic cholesterol was not depressed and the infrared 
spectra were identical. 

The peak designated 7-dehydrocholesterol was identified by 
its characteristic ultraviolet light absorption spectrum and by 
isolation of the product formed by reaction of the steryl acetate 
with maleic anhydride. The degree to which 7-dehydrocho- 
lesterol and A’-cholestenol are resolved in Fig. 1 was not at- 
tained with any other column. Fractions containing the peaks 
designated in Fig. 1 as 7-dehydrocholesterol, A’-cholestenol, and 
Bs; were pooled and acetylated. The amount of 7-dehydrocho- 
lesterol in the pool as determined by ultraviolet light absorption 
measurements was 1.66 gm. The acetates were refluxed for 18 
hours with 6.5 gm. of maleic anhydride and 40 ml. of xylene. 
After separation from the reaction mixture and crystallization 
from petroleum ether-ethyl acetate, 490 mg. of adduct, m.p. 
200-201.5°, were obtained. Four more crystallizations from 
ethyl acetate gave a constant melting product (m.p. 215-216°) 
which did not depress the melting point of the adduct prepared 
from authentic 7-dehydrocholesterol (m.p. 216-217°). The 
infrared spectra of the two compounds were similar but not 
identical, suggesting some contamination of the preparation ob- 
tained from the tumor. The sterols which did not form an 
adduct were recovered (6) and chromatographed on a column of 
2:1 silicic acid-Celite 5 x 36 cm. with gradient elution. No 
7-dehydrocholesterol was found in the eluate. A small cho- 
lesterol peak was discarded and fractions were pooled so that 
most of the shoulder on the remaining large peak was kept 
separate. The amount of A’-cholestenol determined by means 
of the Liebermann-Burchard reagent was 140 mg. One re- 
crystallization of the main peak from methanol resulted in 113 
mg. of a sterol which melted at 110°. Three more crystalliza- 
tions from methanol yielded 50 mg. of a product which melted 
at 119-120.5°. It did not depress the melting point of authentic 
A’-cholestenol and the infrared spectra were identical. The poor 
yield of pure A’-cholestenol may be due to contamination with a 
relatively large amount of Bs. 

B;—This sterol has not been obtained in pure form. Its ap- 
pearance as a shoulder on the A’-cholestenol peak indicates that, 
like A’-cholestenol, it produces a color 90 seconds after the ad- 
dition of the Liebermann-Burchard reagent that absorbs at 620 
mu. 

Concentrations of Sterols—In all experiments, concentrations 
of the individual sterols in the tumor fell between the values 
found for tumor harvested at 11 days and at 4 to 5 weeks after 
inoculation (Table II). The results appeared to be mainly in- 
fluenced by the size and age of the tumor, with the amounts of 
all sterols, and 7-dehydrocholesterol and cholesterol in particular, 
being lower in the younger, smaller tumors. The amount of 
7-dehydrocholesterol measured in the eluate was considerably 
diminished by prolonged chromatography, and more accurate 
determinations of this sterol were obtained previously by meas- 
urement of ultraviolet light absorption on the whole sterol 
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Fic. 2. Comparison of the elution patterns of tumor, normal gland, and liver sterols labeled with C“. @——®@ represents mg. 


of sterol per tube; X----X,¢.p.m. per tube; A5, cholesterol; A*7, 7-dehydrocholesterol; A’, A’-cholestenol. The insets are enlarged 


drawings of the part of the curve directly beneath them. 
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mixture (1). Appreciable amounts of only two sterols, cho- 
lesterol and 7-dehydrocholesterol, were present in the free state. 

Comparison of Tumor, Normal Gland, and Liver Sterols— 
Preliminary studies of biosynthetically labeled tumor sterols 
suggested that the presence of these sterols in other tissues in 
amounts too small to detect chemically might be indicated by 
the elution pattern of the isotope. The relative amounts of 
isotope incorporated into sterols by the three tissues investigated 
is shown in Table III. The tumor was particularly active under 
these conditions. 

The striking similarity of the fore parts of all three of the 
isotope elution patterns shown in Fig. 2, suggests that the sterols 
labeled Y1, Y2, and Bz are present in liver and normal gland as 
well as in the tumor. By pooling the tubes under the respective 
isotope peaks in liver or normal gland and exposing the entire 
pools to the Liebermann-Burchard reagent, faint yellow or blue 
colors characteristic of Y,, Y2, and Bz were found. 

Pooled fractions under certain other isotope peaks, which are 
unaccompanied by sterol peaks in Fig. 2 also showed colors with 
the Liebermann-Burchard reagent. In the tumor, pooled frac- 
tions under the small peak preceding Y; gave a blue color. The 
shoulder on the isotope peak over A’-cholestenol and 7-dehydro- 
cholesterol evidently was due to B; which could be detected in 
pooled fractions under the peak as a faint blue or blue-green color 
after treatment with the Liebermann-Burchard reagent. The 
first of the three peaks at the far right of the curve gave a blue 
color, the second a yellow, and the third no detectable color. 
The rather prominent isotope peak, which was eluted between 
B, and cholesterol and which apparently was present also in 
liver and normal gland, was unaccompanied by any sterol which 
could be detected as a deposit in the tubes after evaporation of 
the solvents or with the Liebermann-Burchard reagent. 

The normal gland differed prominently from the tumor in the 
following aspects. Y, (dihydrolanosterol), Y2 (lanosterol), and 
Bz were present in trace amounts only, A’-cholestenol was ab- 
sent or present in trace amounts, and two highly radioactive 
bands which were absent or very small in the tumor appeared 
in the gland. The first of these two bands nearest cholesterol 
showed a greenish yellow color with the Liebermann-Burchard 
reagent which developed as soon as the reagent was added. The 
second of these peaks gave a rapid blue color. Peaks following 
cholesterol in the liver elution pattern were small and no sterols 
could be detected under them. 

The apparent shoulder on the cholesterol curves is unexplain- 
able at present. There was no corresponding shoulder on the 
accompanying isotope curve and the isolation studies described 
above gave no evidence of a contaminating sterol. 
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DISCUSSION 


These results demonstrate the great usefulness of the preputial 
gland tumor in studies of sterol metabolism. With the tumor 
as the source, it has been possible to isolate lanosterol, 24 ,25- 
dihydrolanosterol, and Bz, three sterols present in liver in trace 
amounts only. The efficiency of the tumor in incorporating 
acetate into its component sterols attests to its potential value 
in the direct determination of the sequence of reactions in cho- 
lesterol biosynthesis. 

The occurrence of 24, 25-dihydrolanosterol in the tumor, along 
with the suggestion of its presence in the normal gland and in 
liver leads to the conclusion that saturation of the side chain 
may be an early step in the catabolism of lanosterol. Although 
Bz has not yet been identified, hydrogenation studies indicated 
that the side chain of this sterol is also saturated. Thus, in the 
tumor, dihydrolanosterol may well be a precursor for Be as well 
as for A’-cholestenol and 7-dehydrocholesterol. Whether or not 
these sterols are, in turn, precursors of cholesterol or represent a 
divergent pathway of sterol metabolism has not been deter- 
mined. 

Although no sterol with an unsaturated side chain other than 
lanosterol was isolated in the present study, unidentified bands 
may correspond to sterols with a double bond in the 24-25 posi- 
tion, i.e. A®*4-14-norlanostadienol (10), zymosterol, and des- 
mosterol which are intermediates in a proposed pathway of 
cholesterol biosynthesis where saturation of the side chain is a 
late step (11). 

Awaiting further work is the determination of the significance 
of the different sterol composition of the preputial gland tumor 
in comparison with that of the normal gland. 


SUMMARY 

Six sterols, lanosterol, 24,25-dihydrolanosterol, cholesterol, 
A’-cholestenol, 7-dehydrocholesterol, and an unidentified sterol 
denoted as Be, were isolated (7-dehydrocholesterol as the maleic 
acid adduct) from a transplantable preputial gland tumor; also 
the presence of other unidentified sterols was indicated. The 
concentrations of the sterols were influenced by the age of the 
tumor. 

Tumor slices incubated in vitro incorporated carboxyl-labeled 
acetate into sterols at a rapid rate. Each of the elution patterns 
obtained by chromatographing biosynthetically labeled sterols 
from liver, normal preputial glands and the tumor differed 
markedly from the others. 


Addendum—Further information obtained in our laboratory 
indicates that sterol B2 is 4a-methy]-A*-cholesten-38-ol. De- 
tails of the identification have been submitted to The Journal of 
The American Chemical Society for publication. 
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Studies on the Antigenic Structure of Ribonuclease 


I. GENERAL ROLE OF HYDROGEN AND DISULFIDE BONDS* 
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Studies of protein structure have reached a stage at which 
chemical configuration should shortly be correlated with bio- 
logical activity. Although important advances have been made 
in describing the antigenic structure of polysaccharides (la, 2), 
little progress has been made in elucidating the antigenic struc- 
ture of native proteins. Reagents that modify certain types of 
groups on proteins have been used to study which types are 
essential parts of the antigenic sites. However, the lack of 
knowledge of the amino acid sequence of the treated proteins 
and the nonspecificity of some of the reagents used have ham- 
pered concise interpretation of the data. 

The information available on the amino acid sequence (3, 4) 
and disulfide bridges (5, 6) of bovine ribonuclease (RNase) and 
demonstration of its antigenicity (7) have prompted its use in 
this investigation. Since it is a small molecule, it also has the 
distinct advantage of possessing only a limited number of de- 
terminant groups. It is hoped that study of this immune system 
will give information about the spatial configuration of the 
precise chemical groups concerned with the antigenically active 
sites. This first report is concerned with the general role of the 
hydrogen and disulfide bonds. 


EXPERIMENTAL 


Materials and Methods 


A single lot of crystalline RNase (Armour 381-059) was used 
in all experiments unless otherwise noted. Antisera were pre- 
pared in rabbits by the intravenous injection of increasing doses 
of alum-precipitated antigens, on alternate days, for 5 weeks. 
A total of 60 mg. of protein was administered and the rabbits 
were bled 6 days after the last injection. After resting the 
animals 2 weeks, a second and a third course of injections were 
given, The C” in the sera was inactivated by heating at 56° 
for 30 minutes. 

Quantitative precipitin analyses were done according to 
Heidelberger and Kendall (8); C’ fixation by the method of 
Mayer et al. (9); and single diffusion by Oudin’s technique (10). 
Diffusion constants were measured according to Becker et al. 


* Supported in part by a research grant, No. E-1846, from the 
National Institute of Allergy and Infectious Diseases, United 
States Public Health Service. A preliminary report of some of 
these findings appeared (1). 

t Present address, Graduate Department of Biochemistry, 
Brandeis University, Waltham, Massachusetts. 

1 The abbreviations used are: C’, complement; C’H5o, units of 
C’, the amount giving 50 per cent lysis of sensitized erythrocytes 
under standard conditions; DNP, 2,4-dinitrophenyl. 
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(11); double diffusion by Ouchterlony’s procedures (12); and 
immunoelectrophoresis by Grabar and Williams’ method (13). 

The validity and applicability of C’ fixation for the estimation 
of antigens have been reported (14). Economy of antiserum 
and the large number of quantitative assays dictated the use of 
this method instead of the quantitative precipitin reactions. In 
most cases, however, the results obtained by C’ fixation were 
confirmed by the use of the precipitin technique. 

RNase was labeled by the following modifications of the pro- 
cedure of Craddock and Dalgliesh (15). Fresh bovine pancreas 
slices, 2-gm. portions, were incubated with 10 ml. of Krebs-Ringer 
solution containing 5 ue. of pt-lysine-1-C™ (Volk Radiochemical 
Company, Chicago, Illinois). The slices were shaken gently for 
2 hours at 37° in an atmosphere of Os, chilled to 0°, made 0.25 n 
with H.SO,, and homogenized. After standing overnight, the 
suspension was centrifuged and the supernatant solution was 
brought to 60 per cent saturation with solid ammonium sulfate. 
The ammonium sulfate supernatant was then mixed with 1 
volume of 40 per cent trichloroacetic acid. This suspension was 
exhaustively dialyzed, pooled with similar preparations, freeze- 
dried, chromatographed on IRC-50(XE-64) resin at pH 6.22 in 
0.2 m phosphate buffer, and dialyzed before use. All samples 
were counted for 15 minutes with a thin window gas flow counter. 

The concentration of RNase or its derivatives was determined 
by ninhydrin (16), nitrogen (17), or spectrophotometric analysis. 
Where two or more methods were used on a single sample, the 
results were in good agreement. Enzymic activity was assayed 
by the procedure of Anfinsen et al. (18), with yeast RNA as 
substrate. All hydrogen ion concentrations were determined 
with a Cambridge pH meter, except those alkaline to pH 9.0, 
which were determined with a Beckman model G pH meter with 
a blue glass electrode and bubbling nitrogen, freed from CO, and 
sulfide, through the solution. 


RESULTS 


Immunochemical Characterization of the 
RNase-Rabbit Anti-RNase System 


Homogeneity of Immune System—All sera used were examined 
to make certain that they contained only one antibody system 
and that this was to RNase. Solutions of RNase allowed to 
diffuse into a mixture of antibody and agar gave a single band of 
precipitation which moved further into the antibody as the 
experiment proceeded. Additional immune systems probably 
would have produced additional bands. Simultaneous diffusion 
of antigen and antibody from different wells on an agar plate 
also gave only a single line of precipitation. 
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Fig. 1. Immunological and enzymic identity of chromatograph- 
ically separated RNase A and B. Eluates from an IRC-50 column 
at pH 6.46 were analyzed for RNase by C’ fixation, enzymic ac- 
tivity, and ninhydrin color and the concentration plotted against 
effluent volume. 


Analysis of the supernatant fluids of the precipitin reaction is 
another test for contaminating immune systems. A single 
antigen-antibody system with low solubility should not have free 
antibody and antigen present in the same supernatant solution. 
No overlapping in the supernatant solutions was found at any 
point. Thus, by these criteria the immune system was ho- 
mogeneous.? It is possible, although unlikely, that other pro- 
cedures would reveal contaminating immune systems. 

Immunology of RNase A and B—Bovine RNase has been sep- 
arated chromatographically into two components, A and B 
(19). Their antigenic identity had to be demonstrated before 
unfractionated crystalline RNase was used. With unfraction- 
ated RNase, the presence of one band in single and double 
diffusion and the absence of overlapping analysis in the super- 
natant were presumptive evidence that these components were 
serologically indistinguishable. The antigenic similarity of A 


2 Of 27 rabbits immunized with crystalline bovine RNase, 24 
produced at least 100 ug. of antibody N per ml. A variation of 
the immunizing procedures, intravenous injection of one-half the 
usual amount of alum-precipitated RNase A every 24 hours for 2 
or 3 weeks and bleeding 10 days after last injection, produced over 
400 zg. of antibody N per ml. in the 4 rabbits so treated. Sera 
from these animals and from animals receiving several courses of 
RNase A were immunochemically homogeneous but the ratio of 
antibody N to antigen N decreased along the precipitin curve to 
equivalence and was greater than the ratio obtained with the anti- 
sera used. Sera from animals receiving a second course of alum- 
precipitated RNase and animals immunized by intramuscular 
injection with the Freund adjuvant often yielded multiple bands 
by gel diffusion. Antibody showing inhomogeneity by any cri- 
terion were not used in this study. 
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and B components was confirmed by isolation of the component: 
and reaction of each with antibody. 

Bovine RNase (11.2 mg., Sigma Lot R58-112) was chroma- 
tographed on IRC-50 at pH 6.46 in 0.2 m phosphate buffer on a 
0.9 <X 30-cm. column. The effluent fluid was analyzed for en- 
zymic activity, antigenic activity, and protein concentration, 
The data in Fig. 1 demonstrate good correlation between protein 
concentration and biological activities. Component A was pre- 
cipitated by antiserum and the supernatant solutions were 
tested for free antibody by the addition of A and B components, 
At the region of equivalence, A removed all antibody to B. In 
a similar manner, the antiserum was absorbed with Component 
B. No antibody remained reactive with Component A. A and 
B components were tested with the antibody in single and double 
diffusion experiments. Single diffusion resulted in one band of 
precipitation, and a line of identity was observed when A and B 
components and antibody diffused toward each other in a tri- 
angular pattern. 

In addition, samples from the peaks of Components A and B 
were tested for their antigenic activity by determining the com- 
plete C’-fixation curve. These curves were indistinguishable, 
again revealing no immunological difference between Components 
A and B, in agreement with Cinader and Pearce (20). All of 
the above experiments were also done with RNase from Armour 
Lot 381-059 with similar results, although the low content of 
impurities and of RNase B in that material makes graphical 
comparison less noteworthy. Chemically, A and B components 
differ in the presence or absence of a single carboxyl group (21). 
The agreement between enzymic and immunological activity in 
the region where Cinader found a second immune system, and 
also the criteria of purity mentioned, indicate that our antiserum 
was free of that impurity. 

Identification of Antibody—Two methods were used. (a) 
Varying quantities of crystalline RNase were allowed to diffuse 
into an agar-antiserum mixture containing 13 yg. of antibody N 
per ml. The diffusion constant Do,,. was 9.1 X 10-7 cm2 per 
second, in fair agreement with Anfinsen’s value of 9.9 x 107 
(18) obtained by another technique. Thus, RNase behaves as a 
complete antigen. If it were a haptene forming the complex 
with rabbit serum proteins, its diffusion constant should have 
been much smaller. (6) A washed immune precipitate formed 
in the region of antibody excess was dissociated with 8 m urea 
and dialyzed against 0.15 m sodium chloride solution. From 9% 
to 95 per cent of the enzymic activity was recovered in the re- 
sulting suspension. If the immune precipitate was not treated 
with urea, only 4 percent of the enzymic activity was found when 
assayed at pH 7.10 with RNA as substrate. Less than 5 per 
cent of the enzymic activity was found in the supernatant of a 
similar tube after heat denaturation of the antibody. The 
enzymic activity was probably inhibited by its antibody. 

Enzymic activity in the precipitate was also recovered by 
assaying at pH 5. The percentages of enzymic activity assayed 
at pH 7 and 5 were 4.1 and 68 per cent, respectively. This in- 
creased recovery is probably due to dissociation of antigen-anti- 
body complexes at lowered pH (22). Smolens and Sevag (7) 
reported only 20 to 30 per cent inhibition by anti-RNase. The 


reason for the increased inhibition in this study is not known, 
although the ratio of antibody to antigen or the degree of poly- 
merization of the RNA substrate might be responsible. 

It is conceivable that the inhibition of the enzyme in the im- 
mune complex might be due to steric hindrance of the large RNA 
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TaBLe I 
Effect of anti-RNase on enzyme activity of RNase with 
cyclic cytidine phosphate as substrate 
All reaction mixtures contained 4 mg. of cyclic cytidine phos- 
phate and 4 ug. of RNase N in a total volume of 5.8 ml. of pH 7.5 
Tris* buffer, T/2 = 0.35. The RNase of Tubes A and C was 
present in the form of washed specific precipitate containing 116 
pg. of antibody N. Tube C contained no cyclic cytidine phos- 
phate. The reaction mixtures were incubated at 37° and stopped 
by diluting 1.0 ml. of reaction mixture with 2.5 ml. of 2.8 X 107? m 














CuCl.. The increase of optical density was read at 291 mu. 
Optical density 
Tube 
0 hrs. 1 hr. | 2 hrs. 3 hrs. | 4 hrs. 
| 
A 0.043 | 0.128 | 0.236 | 0.304 | 0.4 
B 0.061 0.190 0.330 0.390 | 0. po 
C’Hw fixed when 200 C’Hs were added 
Cc 138 | | 127 | | 131 








* Tris, tris(hydroxymethyl)aminomethane. 


TaBLe II 
Recovery of RNase labeled with C'4 in immune precipitate 

The final volume of each reaction mixture was twice the volume 
of added antibody. Points with unlabeled RNase are the average 
of duplicate determinations. Those with labeled RNase are 
single determinations. A reagent blank of 11 yg. of N, identical 
with the serum blank, was substracted from each analysis. The 
nonspecific precipitation of RNase was controlled by adding 
labeled RNase (23 c.p.m.) to rabbit antibody to Type 3 pneumo- 
coccus and analyzing the specific precipitate obtained with Type 3 
polysaccharide; 692 ug. of N and 3 ¢.p.m. were recovered. Free 
antibody was found in all supernatant solutions except the last 
two. Neither antigen nor antibody was found in the next to the 














last tube. Free antigen was found only in the supernatant solu- 
tion from the last tube. 
Added Recovered in precipitate Moles antih me. 
Counts Counts | In In 
RNase N per Antibody per Total N precipi- entire 
minute minute tate system 
ag. ml. | ug. 
5.1 0.5 125 2.02 | 4.63 
40.5 23 4.0 21 966 1.96 4.67 
6.7 0.5 | 152 1.86 3.53 
40.5 23 3.0 24 | «(988 .00 3.50 
8.7 0.5 202 1.90 2.71 
40.5 23 1.5 23 «| «= 869 1.76 1.76 
15.2 0.5 | 250 

















substrate molecule by the antibody rather than to specific com- 
bination of anti-RNase with the enzymic site of RNase. Ac- 
cordingly, a small molecular weight substrate, 2’ ,3’ cyclic cyti- 
dine phosphate, was also used to test for enzymic activity in the 
washed precipitate (Table I). The enzymic activity of the 
specific precipitate was 60 to 70 per cent as great as that of 
enzyme alone in 2 hours and nearly 95 per cent in 4 hours. Anti- 
body alteration under the experimental conditions of the assay 
does not seem to be the cause of the increased enzymic activity 
toward cyclic cytidine phosphate, since the C’-fixing potency of 
the antibody remained constant during the time of the test. 
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The differences with the two substrates might be due to antibody 
attaching to the portion of the enzymic site necessary for RNase 
activity but not to the portion required for activity against cyclic 
cytidine phosphate. More likely, the antibody combines else- 
where and interferes sterically with the large RNA substrate 
molecule. 

To test further, that added RNase was recovered in the immune 
precipitate in the region of antibody excess, precipitin experi- 
ments of the type described in the next section were done with 
the use of RNase labeled with lysine-1-C™. The labeled RNase 
was recovered quantitatively in the immune precipitate (Table 
II). 

Quantitative Precipitin Analysis—Experiments were done with 
0.5 ml. of antiserum and increasing amounts of RNase. Each 
mixture was made up to 2 ml. with sodium chloride solution, 
stored at 0 to 2° for 2 days, centrifuged, and washed twice. 
Nitrogen determinations were done (Fig. 2). Since the recovery 
experiments mentioned previously indicated that all of the 
antigen was in the precipitate in antibody excess, mole ratios of 
antigen to antibody were calculated for this region and found to 
be 1.7:1 for all points in antibody excess. An aliquot of 0.5 ml. 
of each supernatant solution was tested for the presence of excess 
antigen by adding 0.1 ml. of antiserum; a similar aliquot was 
tested for excess antibody by adding 1 ug. of antigen N in 0.1 
ml. of sodium chloride solution. Excess antibody was found in 
the first 3 tubes, neither antigen nor antibody in the next, and 
excess antigen in all remaining tubes. Both antigen and anti- 
body were not found in any tube. 

Goldberg (23) has developed a theory of immune precipitation 
for the most probable size distribution of aggregates of antigen 
with bivalent and univalent antibody assuming that the associa- 
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Fig. 2. Analysis of RNase specific precipitates. The total N in 
washed specific precipitates from 0.5-ml. portions of antiserum is 
plotted against the amount of RNase used. Results were calcu- 
lated to a 1-ml. base. 
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Fig. 3. Plot of precipitin data by the method of Goldberg. 
Mole ratios of antibody to RNase in the precipitates calculated 
from Fig. 1, ©, and from a similar experiment with a different 
antiserum, X, are plotted against these ratios in the entire system. 
f is the antigen valence, Pc is the extent of reaction at the critical 
point, and P max. the maximal extent of reaction. 


tion is reversible and proceeds along the path of maximal en- 
tropy. At a critical extent of reaction, Pc, the system should 
change from a soluble system of many small aggregates to a 
precipitating system with a few large aggregates. Pc depends 
upon the valence, f, of the antigen. For a given valence and 
mole ratio of antigen to antibody in the entire system, the theory 
predicts a ratio of antigen to antibody in the precipitate at Pc 
and at P max., the maximal extent of reaction. This type of 
plot of the precipitin data with two different sera suggests a 
valence of 2 or 3 for RNase (Fig. 3). Thus, one molecule of 
RNase can react with 2 or 3 molecules of antibody. Preliminary 
experiments suggest that these portions of the RNase molecule 
are serologically and chemically distinct. The investigation of 
the antigenic structure of RNase is greatly facilitated because it 
is a small molecule with a limited number of determinant groups. 
It is much more difficult to correlate the immunological altera- 
tions observed upon modification of a specific group or area in a 
large protein. 

Role of Hydrogen Bonds—At least two well delineated types of 
hydrogen bonds exist in RNase. The bond alteration by urea 
or guanidine treatment seems to be completely reversible and 
presumably is, at least in part, between the NH group of one 
peptide bond and the CO group of another having appropriate 
spatial orientation. Erickson and Neurath (24) have shown 
that the reactivity of serum albumin with antibody is reversibly 
altered by urea treatment. Since antibody is irreversibly al- 
tered by high concentrations of urea or guanidine, it was not 
possible to test the immune reactivity of RNase under these 
conditions. 

RNase was subjected to the following treatments which prob- 
ably reversibly affect hydrogen bonds. A 3 per cent solution of 
RNase in 8 m urea at pH 7.5 was stored at 37° for 3 hours and 
dialyzed against several changes of 0.15 m NaCl at 0°. A similar 
preparation was made with 6 m guanidine hydrochloride sub- 
stituted for urea. Another solution of RNase was treated with 
urea and washed 3 times with absolute alcohol and frozen and 
dried. A 1 per cent solution of RNase was boiled 5 minutes. 
The enzymic and immunological activity of all these preparations 
was unaltered. C’ fixation and diffusion against antibody in 
agar were used as immunological criteria. Thus, if any such 
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irreversibly attacked bonds exist, they are not essential for the 
immunological reactivity. 

The role of the irreversible tyrosyl hydrogen bonds (25) was 
investigated by alkaline denaturation experiments. The fol- 
lowing control experiments indicate that exposure to alkaline pH 
insufficient to destroy irreversibly tyrosyl hydrogen bonds does 
not change immune reactivity. A 0.1 per cent solution of RNase 
in 0.05 n NaOH, kept at room temperature } hour, was unaltered 
in enzymic and antigenic reactivities although a 13 per cent in- 
crease in ninhydrin color occurred. The pH of a duplicate 
determination was 11.7. The source of the additional ninhydrin 
color is not known; a hydrolyzable amide group may be re- 
sponsible. Storage of a 1 per cent solution in 0.18 m borate at 
pH 11.5 for 24 hours produced no loss in enzymic activity. 

Alkaline-denatured RNase was prepared by dissolving 50 mg. 
of RNase in 3.0 ml. of 0.0115 n NaOH. A 1-ml. portion, used 
as a control, was at pH 9.1. The pH was brought to 12.7 by 
the addition of 8 aliquots totaling 0.47 ml. of 0.1 N NaOH. The 
optical density was read at 295 mu in a Beckman DU spectro- 
photometer after adding each aliquot, with the use of a quartz 
spacer to reduce the optical path to 0.1 em., and at intervals at 
pH 12.7. At this pH the optical density increased from 1.71 to 
1.88 in 10 minutes, to 1.97 after 20 minutes, and to 1.98 after 30 
minutes. The last two 5-minute readings were constant and the 
pH was reduced to 10.5 with 4 aliquots of 0.1 NHCl. Thespectro- 
photometric changes observed were similar to those reported by 
Tanford et al. (26) and probably indicate irreversible tyrosyl 
hydrogen bond destruction, perhaps with subsequent additional 
changes. Alkaline-denatured RNase was examined for changes 
in its covalent structure. 

Although the material was soluble at pH 10.5, some en- 
zymically and immunologically inactive precipitate formed dur- 
ing titration to pH 7.0. The neutralization also produced an 
odor of H.S and, accordingly, the sample was assayed for SH 
content by the nitroprusside reaction (27). No SH groups were 
found in the control and only 0.12 mole of SH per mole of RNase 
in the sample titrated to pH 10.5, and 0.18 mole of SH ina 
neutralized aliquot. Disulfide determinations were not done. 
A 10 per cent increase in ninhydrin color occurred. By the 
fluorodinitrobenzene procedure, 0.8 m of bis-DNP-lysine and 8.5 
M of e-DNP-lysine were found per mole of RNase. No other 
DNP-amino acids were present. These data suggest that de- 
struction of the tyrosyl hydrogen bonds is the chief alteration in 
this preparation and none of the other changes found is of suf- 
ficient quantitative significance to account for the observed 
immunological changes. 

Precipitin experiments were set up over a wide range of con- 
centrations of alkaline-denatured and native RNase. Over 350 
times as much alkaline-denatured RNase as native RNase was 
needed to precipitate a given amount of antibody. No pre- 
cipitate occurred with native RNase at concentrations where 
alkaline-denatured RNase precipitated antibody (Fig. 4). All 
precipitin supernatants from the alkaline-denatured RNase, and 
the first two from native RNase, had free antibody when tested 
with native RNase. Neither antigen nor antibody was found 
in the third native RNase tube. Free antigen was found at all 
other native RNase points. The large concentrations of alkaline- 


denatured RNase required, precluded a complete precipitin 

curve and C’ fixation was used to study the system further. 
Alkaline-denatured RNase was less reactive than native RNase 

Alkaline denaturation might alter all 


by C’ fixation (Fig. 5). 
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the molecules of RNase making each less reactive with antibody 
or the treatment might entirely destroy some molecules leaving 
others unchanged. It is possible to distinguish between these 
two alternatives. In the latter case, the resulting C’-fixation 
curves can be superposed by correcting for the RNase still 
possessing complete activity (23). If the reaction of the RNase 
molecules were changed qualitatively, no superposition of the 
curves can be obtained. This is the case with alkaline-denatured 
RNase, suggesting that the molecules have a reduced antigenic 
reactivity. This interpretation was confirmed by another pro- 
cedure. With a different antiserum 6 ug. of alkaline-denatured 
RNase N fixed 25 C’Hw, the amount of C’ fixed by 0.016 yg. 
of native RNase. When 0.1 ug. of RNase was used, 60 C’H 
were fixed. If the activity of the 6 ug. of alkaline-denatured 
RNase N were due to 0.016 ug. of native RNase N remaining, 
addition of 6 ug. of alkaline-denatured RNase N to 0.1 ug. of 
native RNase N should yield 0.116 ug. of native RNase N and 
fix about 60 C’H. When this recovery experiment was per- 
formed, 6 ug. of alkaline-denatured RNase N plus 0.1 yg. of 
native RNase N fixed 24 C’Hy. Alkaline-denatured RNase 
inhibited the reaction of native RNase with antibody. 

The following chromatographic studies also support this con- 
clusion. In 0.2 m phosphate buffer at pH 6.46, alkaline-de- 
natured RNase chromatographed on IRC-50 with a single major 
peak near the expected location for native RNase. Alkaline- 
denatured RNase, 97 mg., was chromatographed at pH 6.18 on a 
column of IRC-50 which was 28 cm. high and 2.8 em. in diameter. 
Major peaks were present at 1.5 (Peak I) and 4.3 (Peak IV) 
hold-up volumes and accounted for 64 per cent of the recovered 
protein. Five small additional peaks did not fix C’ when mixed 
with antibody. Native RNase, chromatographed under similar 
conditions, appeared at 4.6 hold-up volumes. About 2000 times 
as much protein from Peak I and about 200 times as much 
protein from Peak IV were required to duplicate the reactivity 
of native RNase. In contrast to unfractionated alkaline-de- 
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Fic. 4. Precipitin data with alkaline-denatured RNase. Na- 


tive RNase, ©, and alkaline-denatured RNase, X, were mixed 
with 0.5 ml. of antiserum. The logarithm of the ug. of each anti- 
gen is plotted against the amount of N in the washed specific 
precipitate. 
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Fia. 5. Immune reactivity of RNase before and after alkaline 
denaturation. Amount of C’ fixed by the immune system in a 
reaction mixture containing 100 C’H;5o is plotted against the yg. 
of antigen N. 


natured RNase, the fractions fixed as much C’ at peak as native 
RNase. Sufficient material was not available for complete in- 
hibition studies but in a limited number of experiments, Peaks I 
and IV were less inhibitory than the unfractionated material. 

Thus, the structure altered by alkaline denaturation may be a 
site of antigen-antibody reaction in this system, although it is 
more likely that it merely stabilizes the configuration of the ac- 
tive site of the RNase. 

Disulfide Bonds—The role of disulfide bonds in the anti- 
genically active structure of RNase was investigated by oxidation 
of these bonds with performic acid and by reduction with various 
reagents. Performic acid oxidation was carried out as described 
by Hirs (28), except 88 per cent formic acid was used in place of 
99 per cent formic acid. In a few experiments, the protein con- 
centration was one-sixth that recommended. Some preparations 
had a poor recovery of bis-DNP-lysine when examined by the 
fluorodinitrobenzene procedure. Oxidized RNase did not react 
with first-, second-, or third-course antibody as judged by C’ 
fixation and Oudin techniques and did not inhibit the reaction 
between native RNase and first- or second-course antibody. 
Kinetic C’-fixation experiments were also done. To favor the 
reaction between antibody and oxidized RNase, these reactants 
were preincubated for 20 minutes at 4°. Then complement and 
native RNase were added. Aliquots were mixed with sensitized 
cells at various times and the degree of hemolysis determined. 
RNase oxidized with performic acid did not affect the kinetics of 
C’ fixation. In one experiment a 72,000-fold excess was in- 
effective. Thus, this preparation of performic acid-oxidized 
RNase contains less than 0.0002 per cent native RNase since 
5000 ug. of performic acid-oxidized RNase N were without effect 
in a system capable of detecting 0.01 wg. of RNase N. Two 
rabbits immunized with performate-oxidized RNase produced no 
precipitating or coprecipitating antibody. 

The inactivity of performate-oxidized RNase did not, in itself, 
establish the requirement for one or more intact S—S bridges in 
the antigenic structure of RNase, since the oxidation forms 
methionine sulfone and charged cysteic acid residues. Reduc- 
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tion avoids these alterations. A 1 per cent solution of RNase 
which had been allowed to react with 4 per cent mercaptoacetic 
acid at pH 8.1 for 2 hours at 50° was diluted appropriately and 
gave a faint slow moving band upon diffusion into an agar- 
antibody mixture. Approximately four times as much of this 
reduced RNase as native RNase was required to precipitate a 
given amount of antibody. Similar concentrations of mercapto- 
acetic acid did not affect the reaction of RNase with its anti- 
body. 

The immunological activity of RNase was followed by C’ 
fixation during the course of reduction. There was parallel loss 
of enzymic and antigenic reactivity during reduction of a 1 per 
cent solution of RNase at 50° with 15 per cent 2,3-dimercapto- 
propanol at pH 8.2, with 2.4 per cent 2-mercaptoethanol, or 
with 4 per cent mercaptoacetic acid at pH 8.1 (Table III). 
Complete C’-fixation curves, done at each point, show that the 
loss of reactivity was due to complete destruction of the immune 
reactivity of some of the RNase molecules. Complement fixation 
with RNase reduced with 2-mercaptopropanol yields super- 
posable curves when corrected for the micrograms of RNase N 
remaining (Fig. 6). The other reducing agents gave similar re- 
sults. Appreciable amounts of partially reactive material would 
probably have altered the shape of the C’-fixation curves. The 
complete inactivation found suggests that formation of nega- 


TaB_e III 


Percentage of immune and enzymic activity remaining 
after reduction of RNase 





2,3-Dimercaptopropanol 2-Mercaptoacetic acid 2-Mercaptoethanol 











Time |Enzyme|Immune| Time | Enzyme | Immune | Time |Enzyme} Immune 
min. min. | min 
1 100 | 100 1 78 69 5 66 55 
19 10 14 5 28 19 25 40 35 
30 3 = 10 5 7 60 10 7 
81 0 as 25 0.6 0.2 90 4 6 


























* Not assayed. 
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Fig. 6. Immune reactivity of RNase reduced for various times 
with 2-mercaptoethanol. @, control; 0, 5 minutes; @, 25 min- 
utes; O, 60 minutes; A, 90 minutes. Amount of C’ fixed by the 
immune system in a reaction mixture containing 100 C’H¢p is 
plotted against the estimated ug. of native RNase. 
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tively charged cysteic acid residues and of methionine sulfone 
could not be solely responsible for the loss of reactivity upon 
performate oxidation. 

Sela et al. (29) have reported that the reduction of RNase 
with aqueous mercaptoacetic acid at pH 8.5 reduces only one 
disulfide bond and that this bond is not essential for enzymic 
activity. Several experiments done under similar conditions 
gave varying extents of reduction. Although there was parallel 
loss of enzymic and immune reactivity, the data did not show 
whether one disulfide bond is nonessential. Partially reduced 
RNase gave a C’-fixation curve shifted to the right, a decrease in 
fixation at peak, and a decreased mobility by immunoelectro- 
phoresis (30). 


DISCUSSION 


It is not possible to establish unequivocally the valence of an 
antigen from the mole ratio of antigen to antibody. The valence 
given by the Goldberg treatment (23) rests on the assumptions 
of the theory itself. Evidence against one of these assumptions, 
the reversibility of the antigen-antibody complex, has been pre- 
sented by Nisonoff and Winkler (31) who showed that the rabbit 
antiovalbumin system was not easily reversible in extreme anti- 
body excess. Further defects in the Goldberg hypothesis have 
been described (32). The Goldberg hypothesis is ordinarily ap- 
plied to only two cases: the one in which the aggregate of anti- 
body with one molecule of antigen is insoluble (Equation 46b), 
which seems unlikely in view of the work of Singer and Campbell 
(33); and the other (Equation 46a), in which the aggregates of 
antibody and antigen are very large. 

The data in Fig. 2 were plotted on the assumption of a large 
aggregate; a plot with an intermediate size aggregate would have 
been better, such as the one with 2 molecules of antigen. The 
data were plotted assuming identical nitrogen to dry weight ratios 
for RNase and antibody in order to make them more readily 
comparable with those of Cinader and Pearce (20). Multiplica- 
tion of both abscissa and ordinate of Fig. 3 by 1.092 will correct 
for this. Although small additional corrections might be made 
for the recovery of RNase in the immune precipitate and for 
nonprecipitating antibody, the interpretation that the antigen 
valence is either 2 or 3 would not be affected. Cinader and 
Pearce (20) found a larger valence with their antiserum. In- 
hibition experiments with acetylated RNase suggest an antigen 
valence of 2 with certain sera. The distinctness, specificity, and 
number of antigenic sites are to be treated in a subsequent paper. 

If chemical modification of a specific group or type of group 
alters serological reactivity, at least two interpretations are pos- 
sible. The specific group might be an antigen site that reacts 
with antibody or it might merely affect the intramolecular 
orientation of the antigen, placing other immunologically reactive 
groups in proper position. Physical studies of molecular param- 
eters and diverse chemical modification of the antigen are helpful 
in partially separating these possibilities. Negative experiments, 
involving reactions in which reversible disorientation may have 
occurred, as in urea denaturation, must be interpreted with 
caution. 

It is probable that the region involved in the union of the en- 
zyme and substrate is distinct from that involved in the forma- 
tion of the enzyme-antibody complex, since the small substrate, 
cyclic cytidine phosphate, is inhibited only slightly by antibody. 
There are no data at present to rule out certain structures com- 
mon to both sites. Since it is probable that both activities de- 
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pend on the spatial arrangement of appropriate areas of specific 
peptides, concomitant loss of both activities by reagents causing 
molecular disorientation would be expected and was found. 

It is difficult to rule out side reactions as a cause of lost re- 
activity during protein modification. Chemical treatment by 
entirely different procedures is helpful, but in the case of alkaline 
denaturation was not possible. Tests for expected side reactions 
are informative. Thus, the detection of hydrogen sulfide during 
alkaline denaturation suggests that some alkaline degradation of 
the S—S bonds may have occurred. Careful estimation of 
S—S, SH, and HS should form a part of alkaline denaturation 
experiments and disulfide interchange should be ruled out when 
adequate methods become available. The ability of large 
amounts of chromatographed alkaline-denatured RNase to fix 
as much complement as native RNase is surprising. One pos- 
sibility is that an increase in concentration of the portions of the 
site forced the reaction to completion on a mass action basis. 
Unfortunately, the inhibitory derivatives of alkaline denatura- 
tion were present in such small amounts that they could not be 
adequately separated or assayed. 

The limited data obtained with different immunization pro- 
cedures suggest that daily injection of alum-precipitated antigen 
is better than three weekly injections, and that the latter is bet- 
ter than immunization with the Freund adjuvant. The small 
molecular weight antigen, RNase, is rapidly cleared from the 
serum into the urine and perhaps diffuses too readily from the 
Freund adjuvant into the serum. The experience with RNase 
confirms the high specificity of immunological methods as criteria 
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of purity and suggests that chromatographically purified protein 
should be used for long-term immunization. 

RNase is similar to serum albumin (34) in that its immune 
reactivity depends upon intact disulfide bridges. In contrast, 
the reaction of egg albumin with its antibody is not altered by 
prior mercaptoacetic acid treatment (35) nor is there immuno- 
logical change in ferritin upon partial reduction (36). The 
variety of methods used in this study for rupture of the disulfide 
bridges makes it unlikely that any other chemical alteration is 
the cause of the loss in reactivity, but it is obvious that profound 
disruption of hydrogen bonds occurs concomitantly. 

Studies of the location of the specific groups responsible for 
the interaction of antigen with antibody may give indications of 
the size and nature of the antigen and antibody sites and of the 
forces holding these sites together. If a site can be adequately 
described, analogues with varied spacing between their parts 
should give an indication of the 3-dimensional orientation of the 
native antigen. 


SUMMARY 


Rabbit antibody to bovine pancreatic ribonuclease was shown 
to be immunologically homogeneous by agar gel techniques and 
analysis of precipitin supernatants. The immune system was 
identified by diffusion studies and by recovery of ribonuclease in 
the immune precipitate. Ribonuclease A and B reacted with 
antibody in an identical manner. Alkaline-denatured ribo- 
nuclease reacted poorly with antibody, and ribonuclease that had 
been oxidized with performic acid or completely reduced to 
disrupt the disulfide bonds was inert. 
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In the course of a study of the thermodynamics of the ioniza- 
tion of the lysyl residue of insulin (1), it was found desirable to 
make an iodinated derivative of insulin in order to convert the 
four tyrosyl residues in the monomer (molecular weight 5733 
(2)) to 3,5-diiodotyrosyl groups which have lower pK values 
(3). Numerous properties of the iodinated derivative have been 
studied in order to ascertain whether the iodination of insulin 
was specific for the tyrosyl residues or whether other changes 
occurred in the molecule. 


EXPERIMENTAL 


Preparation of Iodinated Insulin 


It was necessary to choose a procedure which would completely 
iodinate the tyrosy] residues in insulin without causing side 
effects. Optimal conditions for the specific iodination of tyro- 
syl residues in proteins have been discussed by Hughes and 
Straessle (4). Harington and Neuberger (5) have prepared a 
fully iodinated insulin derivative, and Oster and Malament (6) 
have prepared and crystallized iodinated insulin derivatives 
which were up to 91 per cent iodinated on the tyrosyl] residues. 
A slight modification of the procedure of Oster and Malament 
(6) has been followed in the present work. In order to facilitate 
iodine analyses, radioactive I'*' tracer has been added to the 
iodinating reagent.’ 

The I"! tracer was obtained from Oak Ridge National Labo- 
ratory. It was at a concentration of about 16 mc. per ml. in 
sodium sulfite solution and had a radiochemical purity greater 
than 99 per cent. To check for the presence of long lived radio- 
active impurities which could lead to errors in the analyses, 
standard solutions containing I'*' were counted daily for 4 weeks, 
and no deviation from the 8.0-day half life could be observed. 
The counter was a well type scintillation counter with a sodium 
iodide crystal. 

Iodinating Reagent—The iodinating reagent was prepared 
from a 0.5 m potassium iodide solution. An accurately weighed 


* Presented in part before the Division of Biological Chemistry 
at the 13lst meeting of the American Chemical Society, Miami, 
Florida, April, 1957. This investigation was supported by Re- 
search Grant No. E-1473 from the National Institute of Allergy 
and Infectious Diseases, of the National Institutes of Health, 
Public Health Service. 

t National Science Foundation Predoctoral Fellow, 1953 to 
1957. 

t Present address: Department of Chemistry, Purdue Uni- 
versity, Lafayette, Indiana. 

1 We are indebted to Professor R. M. Diamond for suggestions 
concerning procedure, for assistance with the preparation of the 
tracer solution, and for the use of his counting apparatus. 


sample of approximately 2.25 gm. of potassium iodide (Mal- 
linckrodt A.R.) was dissolved in water in a 25-ml. volumetric 
flask, approximately 1 mc. (50 yl. of the Oak Ridge solution) of 
I! tracer was added, the solution was brought to 25 ml. with 
distilled water, and was shaken well. Samples, 10, 25, and 75 
ul., of the labeled potassium iodide solution were transferred to 
1-oz. screw cap vials, with the use of micropipets. These were 
set aside for use as standards in counting, since they contained 
known total amounts of iodide labeled with tracer. The re- 
mainder of the potassium iodide solution was converted into the 
triiodide reagent used in the iodination by adding 3 ml. of 2x 
sulfuric acid and 2 ml. of 3 per cent hydrogen peroxide and stir- 
ring for } hour. This produced a solution which was approxi- 
mately 0.15 N in iodine and contained iodide and iodine in the 
ratio of 4 I- per Is. 

Procedure—All the insulin used in this work was Lilly crystal- 
line beef zinc insulin,? Lot No. 535664. A 500-mg. sample of 
zinc insulin was dissolved in 50 ml. of 0.5 m glycine buffer which 
had been adjusted to pH 9.5 at 0° with potassium hydroxide. 
The solution was cooled to 0° and kept (stirred) in an ice bath. 
The triiodide solution was added dropwise from a buret over a 
period of about 3 hours, until a slight excess of iodine had been 
added (approximately 9 ml.). The solution, which was then 
yellow, was kept cold and stirred 1 hour longer. It was then 
dialyzed for 1 week at 5° against numerous changes of distilled 
water, in order to ensure complete removal of excess iodine and 
glycine buffer. On the 3rd day of dialysis, the iodinated insulin 
was usually dialyzed against 0.002 n potassium hydroxide for 2 
to 3 hours and then against distilled water again. This pr- 
cedure seemed to improve the solubility of the final product. 
After dialysis, a sample was taken for iodine analysis and the 
remainder of the product was lyophilized and stored below 0°. 
The over-all yields of iodinated insulin were from 80 to 90 per 
cent of the theoretical. 

Iodine Analysis—A known volume, | to 3 ml., of the aqueous 
solution of iodinated insulin to be analyzed was placed in a screw 
cap vial and counted on the scintillation counter. A labeled 
potassium iodide standard of approximately the same level of 
radioactivity was brought to the same volume with distilled 
water and counted in the same manner as the unknown. Since 
the ratio of radioactive iodine to total iodine is the same in both 
the standard and the sample being analyzed, and since the total 
iodine in the standard is known, the iodine content of the insulin 
solution is readily determinable from the ratio of the counts in 


2 We are indebted to Dr. O. K. Behrens of the Eli Lilly Company 
for gifts of zine insulin. 
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the sample and standard, after correction for background radia- 
tion. The protein concentration was determined by heating a 
known volume of the solution to constant weight in an oven at 
104°. It was found that iodine analyses performed on lyo- 
philized material which had been heated at 104° and then dis- 
solved in water gave results identical, within the experimental 
error, With analyses on the dialyzed protein solution before 
freeze-drying. Hence, no iodine was lost on lyophilization or on 
heating at 104°. 


RESULTS AND DISCUSSION 


Properties of Iodinated Insulin 


Iodine Content—All the iodinated insulin analyzed, which had 
been made with several different preparations of labeled iodine, 
was found to be 94 to 100 per cent iodinated, on the basis of two 
jodine atoms per tyrosyl residue (or eight iodine atoms in each 
insulin monomer). Therefore, all the iodinated insulin prepared 
can be assumed to be 100 per cent iodinated within the experi- 
mental error (about 5 per cent) in the analyses, and a molecular 
weight of 6740 has been assumed for the iodinated insulin mon- 
omer throughout this work. It should be noted that all the 
iodine incorporated into the protein may not have gone onto the 
tyrosyl residues, but this is unlikely in view of the excellent 
agreement in stoichiometry, and the titration behavior and other 
properties of the iodinated derivative to be discussed below. 

The lyophilized iodinated insulin is cream-colored. It is sol- 
uble in 0.3 m KCl to the extent of 1 per cent or more at pH values 
above 7.8, and is insoluble in acidic salt solutions down to pH 0 
orless. In lower concentrations (about 0.03 per cent) it remains 
soluble down to about pH 6.8, and again becomes soluble below 
pH 4 in the absence of salt. These solubilities are in agreement 
with those found by Harington and Neuberger (5) for their com- 
pletely iodinated insulin. The zine content of various prepara- 
tions of iodinated insulin, as determined by the disodium ethyl- 
enediaminetetraacetate titration method described by Flaschka 
(7), ranged from 0.2 to 0.7 mole of zine per mole of dimer (with 
most samples containing between 0.4 and 0.6 mole of zine per 
mole of dimer). This can be compared with the native crystal- 
line zine insulin which was found to contain 1 mole of zine per 
mole of dimer, in agreement with the manufacturer’s analysis. 

Paper Electrophoresis and Sedimentation—Paper electrophoresis 
of the iodinated derivative, carried out at room temperature at 
4ma. and 60 volts for 17 hours in a Spinco cell of the Durrum 
type (model R, series C) using Spinco 0.075 m barbiturate buffer, 
pH 8.6, produced only a single electrophoretic component when 
stained with ninhydrin and with Pauly reagent. It traveled 
faster than a native zinc insulin control on another strip, as would 
be expected if the tyrosyl residues had been converted to 3,5- 
diiodotyrosyls, because the latter would be more ionized at pH 
8.6, giving the iodinated insulin a larger net charge than the 
native. Sedimentation patterns of a 1 per cent iodinated insulin 
solution at pH 10 and of a 1 per cent iodinated insulin solution 
left at pH 12 for 1.5 hours and then brought to pH 10 were ob- 
tained with the use of a synthetic boundary cell in the Spinco 
model E ultracentrifuge at 59,780 r.p.m. Each sample showed 
only a single peak with s20,,. equal to approximately 1.8 Svedberg 
units, as estimated from the peak displacements. The zinc con- 
tent of these samples was 0.6 mole of zinc per mole of dimer. 
A study (8) of 1.5 per cent zinc insulin in the same cell gave 
8», equal to 2.19 8, corresponding to a molecular weight of ap- 
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Fic. 1. Comparison of the ultraviolet absorption spectra (for 
l-em. cells) of 3,5-diiodo-L-tyrosine pH 12.2, A, with that of 
iodinated insulin pH 11.88, O. The molar extinction coefficient 
of iodinated insulin has been divided by four, since there are four 
diiodotyrosyl residues in each fully iodinated insulin monomer. 


proximately 18,000 (calculated by using an approximate diffusion 
coefficient obtained from the sedimentation patterns). Fred- 
ericq’s measurements (9) on 0.25 per cent insulin solutions in a 
synthetic boundary cell gave sedimentation constants between 
1 and 3.5 8, depending on the zine content (between 0 and 1 
mole of zinc per 12,000 gm. of protein). The electrophoresis 
and sedimentation results indicate that the iodinated insulin is 
homogeneous and is not broken down by iodination or by ex- 
posure to pH 12. 

End Group Analysis and Chromatography—A DNP* end group 
analysis was carried out on the iodinated insulin, following the 
procedure described by Fraenkel-Conrat et al. (10). An ascend- 
ing chromatogram of the ether extract, with the use of a toluene- 
pyridine-2-chloroethanol solvent, showed only two spots, corre- 
sponding to DNP-glycine and DNP-phenylalanine, the same 
end groups as in native insulin. Hence, it is unlikely that any 
peptide bonds were hydrolyzed during the preparation of the 
iodinated derivative. The e-DNP-lysine, O-DNP-tyrosine, and 
imidazole-substituted DNP-histidine are soluble in the aqueous 
phase, and therefore would not appear on the chromatogram of 
the ether extract. A paper chromatogram of the acid hydrol- 
yzate of iodinated insulin, with the use of a butanol-acetic acid- 
water solvent (11), showed all the amino acids of native insulin, 
including tyrosine. Since acid hydrolysis has been found to re- 
move iodine from iodoproteins (12), the absence of diiodotyrosine 
on the chromatogram cannot be considered to be evidence against 
the complete iodination of the tyrosyl residues of insulin. 

Ultraviolet Absorption Spectra—The ultraviolet absorption 
spectrum of the iodinated insulin derivative is compared with 
that of 3,5-diiodo-L-tyrosine in Fig. 1. The iodinated insulin 
was a 0.01 per cent solution in 0.01 m KOH and had a pH of 
11.88; the 3,5-diiodo-L-tyrosine (Mann Research Laboratories, 
Inc.) was a 0.006 per cent solution in 0.01 m KOH and had a pH 
of 12.2. Concentrations were determined by using quantitative 
dilutions of solutions prepared from directly weighed samples 
whose weights had been corrected for moisture content as deter- 


3 The abbreviation used is: DNP, 2,4-dinitropheny]l. 
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Fie. 2. Spectrophotometric titrations of 3,5-diiodo-.-tyrosine, 
A, at 312 my and of iodinated insulin in 0.3 m KCl, 0, and in 
water, O, at 311 my. As in Fig. 1, the molar extinction of io- 
dinated insulin has been divided by four. The curve drawn 
through the points for diiodotyrosine, A, is a theoretical titration 
curve for a group with pK of 6.5. 
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mined by drying at 104°. The measurements were made on a 
Beckman model DU spectrophotometer with photomultiplier, 
using l-cm. quartz cells. The similarity of the spectra shown 
in Fig. 1 supports the premise that the tyrosy] residues in insulin 
have been converted to diiodotyrosyls. The diiodotyrosine 
spectrum has a maximum at 311 my with a molar extinction 
coefficient of 5.80 x 10°, in good agreement with Oster and 
Malament’s value (6) of 5.815 x 10° at 311 my and also with 
the values determined by Herriott (13) and by Gemmill (14), 
The iodinated insulin spectrum has a maximum between 311 and 
312 my with an extinction coefficient of 5.35 x 10° per } mole 
of monomer, which is about 10 per cent lower than the molar 
extinction coefficient for diiodotyrosine. The iodinated insulin 
curve also appears to be shifted somewhat to longer wave lengths, 
Oster and Malament (6) reported a slight depression in the 
ultraviolet absorptivity of the 3,5-diiodotyrosyl residues in 
iodinated insulin, but part of their result may be due to the in- 
complete ionization of the diiodotyrosyl groups, since their meas- 
urements were made at pH 9.74. An attempt to more nearly 
reproduce the iodinated insulin spectrum by including small 
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Fic. 3. Titration curves at 25° of zinc-free insulin, 0, and of iodinated insulin, O, in 0.3 u KCl, showing the difference, Ar, in 
the number of groups titrated in the region of diiodotyrosyl and tyrosyl ionization. The zero for the r-scale is arbitrary. The 
protein was partially insoluble in the region to the left of the vertical bar on each curve. 








Augus' 


amount 
that of 
unsucce 
appears 
of the 
ably du 
the ince 
formati 
Spect 
tion cul 
mp of 1 
followir 
smith ( 
were Mm: 
ately b 
the A s 
glass an 
carbon 
diiodoty 
the valt 
also wit 
direct t 
nated ir 
ing of t 
solubilit 
hydroxy 
are 7.9 : 
of the ¢ 
extinctis 
KCl as 
sistent \ 
dinated 
expectec 
negative 
Electr 
and of 0 
out bets 
were ree 
culation 
The rest 
ion diss 
pH. T 
and Eps 
better tl 
The t 


l. Gru 
An 
2. Ryu 
che 
3. Crat 
(1g 
4. Hue 
72, 
5. Har 
(19 
6. OsTE 
(19 
7. Fuas 
(19 
8. Leac 
Ca 





na 
lier, 
own 
ulin 
sine 
tion 
and 
vith 
14), 
and 
nole 
olar 
sulin 
ths, 
the 
s in 
e in- 
1eas- 
arly 
mall 


Ar, in 
The 





August 1959 


amounts of the spectra of tyrosine and monoiodotyrosine (13) in 
that of diiodotyrosine (assuming additivity of the spectra) proved 
unsuccessful. From the shape of the absorption spectrum it 
appears, therefore, that the slight reduction in the absorptivity 
of the diiodotyrosy] residues in iodinated insulin is most prob- 
ably due to their incorporation into the protein, rather than to 
the incomplete iodination of the tyrosyl residues or to the 
formation of some monoiodotyrosine. 

Spectrophotometric Titration—The spectrophotometric §titra- 
tion curve at 312 my of 3,5-diiodo-L-tyrosine and those at 311 
mp of iodinated insulin in water and in 0.3 m KCl, determined 
following the method first described by Stenstrém and Gold- 
smith (15), are shown in Fig. 2. The spectral measurements 
were made as above. The pH values were determined immedi- 
ately before and after the spectrophotometric measurements on 
the A scale of a Beckman model GS pH meter with external 
glass and calomel electrodes. All solutions were unbuffered and 
carbon dioxide was not excluded. The apparent pK for 3,5- 
diiodotyrosine was found to be 6.5, in reasonable agreement with 
the value of 6.42 obtained by Crammer and Neuberger (3), and 
also with the value of 6.48 obtained by Dalton et al. (16) with a 
direct titration method. The apparent pK values for the iodi- 
nated insulin titrations are more uncertain because of the spread- 
ing of the titration curves and the absence of points in the in- 
solubility region. The apparent pK values of the phenolic 
hydroxyl groups of iodinated insulin in water and in 0.3 m KCl 
are 7.9 and 7.2, respectively, as determined from the mid-points 
of the curves (assuming that the low pH limiting value of the 
extinction coefficient of iodinated insulin is the same in 0.3 m 
KCl as in water). These apparent pK values are quite con- 
sistent with the presence of 3,5-diiodotyrosyl groups in the io- 
dinated derivative, since electrostatic interactions would be 
expected to increase the apparent pK as the protein becomes 
negatively charged. 

Electrometric Titration—Titrations of 0.001 m zinc-free insulin 
and of 0.002 m iodinated insulin in 0.3 m KCl at 25° were carried 
out between pH 7.5 and pH 12 with 1 n KOH. The pH values 
were read on the A scale of the model GS pH meter. The cal- 
culation of the titration curve has been described elsewhere (1). 
The results are shown in Fig. 3, in which r, the moles of hydrogen 
ion dissociated per mole of protein, is plotted as a function of 
pH. The curve for zinc-free insulin agrees with that of Tanford 
and Epstein (17) for zinc-free insulin in 0.075 m KCl, to within 
better than one-half group over the pH range shown. 

The two curves in Fig. 3 were matched, on the r-scale, at the 
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high pH end where all the phenolic hydroxy] groups are presum- 
ably titrated. Because of the scatter in the points in this region 
and because of the possible effect of iodination on the titration 
of groups other than the phenolic, e.g. through changes in elec- 
trostatic interactions, the matching of the two titration curves 
may be off by as much as one group. However, it is apparent 
that several groups which ionize between pH 8 and pH 11 in 
zinc-free insulin have lower pK values in the iodinated insulin, 
as would be expected if the tyrosyl residues have been converted 
to diiodotyrosyls. The maximal difference in the number of 
groups titrated along the two curves is slightly less than four, 
the number of tyrosyl residues in each insulin monomer. How- 
ever, if there is any overlap between the regions of ionization of 
tyrosyl and diiodotyrosy] groups, the difference between the two 
curves would be less than four even if all the tyrosyls are fully 
iodinated in the iodinated derivative. It should be noted that 
a difference of up to one group between the two curves may be 
caused by a difference in zinc content of the two samples. Each 
zine forming complexes to the protein produces two extra titrat- 
able groups with an intrinsic pK around 8.0 (17); the iodinated 
insulin may have contained up to 4 mole of zine per mole of pro- 
tein (probably less), whereas the zinc-free insulin contained none 


CONCLUSION 


The properties of the iodinated insulin derivative indicate that 
the four tyrosyl residues have been completely iodinated to 3, 5- 
diiodotyrosyl groups with no other apparent modification of the 
protein molecule. As a result of the iodination of the protein, 
the overlapping of the region of ionization of the lysyl group with 
that of the phenolic hydroxyl groups has been considerably re- 
duced. The thermodynamics of the ionization of the lysyl group 
have been reported elsewhere (1). 


SUMMARY 


An iodinated derivative of insulin containing eight atoms of 
iodine in each monomer unit has been prepared. 

The properties of the iodinated insulin, as determined by sedi- 
mentation in the ultracentrifuge, paper electrophoresis, DNP end 
group analysis, paper chromatography, ultraviolet absorption 
spectra, and spectrophotometric and electrometric titration 
curves, support the conclusion that all the iodine has been sub- 
stituted on the four tyrosyl residues in the insulin monomer, and 
that no other apparent modifications in the protein molecule 
have taken place. 
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Riboflavin has long been recognized as a normal constituent 
of egg white. It is frequently found in nearly equal amounts in 
the white and yolk, but the amount is directly dependent upon 
the dietary intake of the hen and may be very low, particularly 
in the white, on riboflavin-low diets (1, 2). The iron-binding 
protein of egg white, conalbumin, was once reported to contain 
riboflavin (3) and other workers have recently suggested that 
riboflavin might bind to the iron complex of conalbumin (4). 
This laboratory, however, has recently reported that the ribo- 
flavin in egg white existed combined as a previously unrecognized 
flavoprotein (5). A flavoprotein-apoprotein system has now 
been characterized as an important component of avian egg 
whites and should be considered as another biochemically unique 
protein constituent of egg white. 


EXPERIMENTAL 


Preparation and Use of Ion Exchange Agents—Carboxymethy] 
cellulose, containing 0.6 mEq. of titratable carboxy groups per 
gm., employed in this study was prepared by the method of 
Peterson and Sober (6). A wood cellulose, Solka-Floc BW-200, 
obtained from the Brown Company was used in the preparation 
of this exchange agent. Diethylaminoethy] cellulose Type 20 
containing 0.6 mEq. of titratable acidity per gm. was purchased 
from the Brown Company. 

Preparation of egg white for isolation purposes was as pre- 
viously described (5). Briefly, blended egg white was dialyzed 
against the starting buffer, 0.1 m acetic acid-ammonium hydrox- 
ide at pH 4.3, and the insoluble precipitate which formed was 
removed. 

As previously described (5), purification of the proteins em- 
ploying the cellulose ion exchange agents was accomplished by 
carefully selected stepwise changes in the eluting buffers. The 
conditions for these carefully selected changes were initially 
established by separate experiments employing stepwise and 
gradient elution schemes. 

Analyses—The proteins employed for standards and the speci- 
fic protein analyses were those previously described (5). Total 
phosphorus digestions were carried out according to Snell and 
Snell (7). Colorimetric analyses for inorganic phosphorus were 
performed by the modified micromethod of Fiske and SubbaRow 
8). 

Total nitrogen was determined by micro-Kjeldahl analysis. 


* Published with the approval of the Director as Paper No. 942, 
Journal Series, Nebraska Agricultural Experiment Station. Pre- 
sented in part at the Forty-second Meeting of the Federation of 
American Societies for Experimental Biology, Philadelphia, Penn- 
sylvania, April 14 to 18, 1958. 

This research was supported in part by a grant, No. E-916(C3), 
from the United States Public Health Service. 


Estimations of proteins in fractions were routinely obtained by 
measuring the optical densities of the eluates at 280 my with a 
Beckman model DU spectrophotometer and calculating the 
protein content. Calculations were based on absorptions of dried 
preparations of similarly prepared fractions (5). 

Hydrolysates of protein for amino acid analyses were prepared 
by commonly employed methods (9). Amino acids were chroma- 
tographed in an ascending manner on Whatman No. 1 filter 
paper with n-butanol-acetic acid-water (4:1:5) as the solvent. 
Amino acid spots were located by spraying with solutions of 
ninhydrin. Flavins were chromatographed for identification 
using the same type of filter paper and solvent as given above. 
Spots were located by viewing the dried chromatogram under an 
ultraviolet lamp. Chromatography of the flavins was carried 
out in the dark in order to avoid degradation. Absorption 
spectra, relative intensities of fluorescence, and bacterial activ- 
ities (10) were also used as a means of identification. 

Tryptophan was determined chemically (11) and both trypto- 
phan and tyrosine were determined spectrophotometrically (12). 

Physical Analyses—Moving boundary electrophoretic analyses 
were performed in a portable electrophoresis apparatus (Ameri- 
can Instrument Company, Inc.) at 1°. When mobilities were 
determined, the conductivity measurements were made on the 
buffer used to equilibrate the protein. 

Diffusion experiments were carried out in this same electro- 
phoretic instrument at 20.5°. The boundaries were sharpened 
by the technique of Kahn and Polson (13). Diffusion constants 
were routinely corrected to 25° (14). Sedimentation analyses 
were performed in a Spinco model E ultracentrifuge. The 
apparent partial specific volume was determined according to 
Bull (14). Paper electrophoretic analyses were performed with 
the use of a horizontal strip apparatus employing a constant 
current for 16 to 20 hours. 

Reagents—Riboflavin and the analogues and derivatives of 
riboflavin were obtained from several sources.! The potato 
phosphatase had a specific activity of 170,000 units per mg. of 
protein.? One unit is defined as that amount of enzyme which 


1 Riboflavin, riboflavin phosphate, and FAD were purchased 
from the Nutritional Biochemicals Corporation, Cleveland, Ohio. 
Dr. Karl Folkers of Merck and Company, Inc. supplied the fol- 
lowing: 6-chloro-9-sorbitylisoalloxazine (36.9 X 107%), L-lyxoflavin 
(28.6 X 10-*), p-galactoflavin (27.9 X 10-*); and 3-methylriboflavin 
(35.6 X 107%). Lumiflavin (42.7 < 107%), 3-methyllumiflavin 
(45.0 X 10°%), and 6,7-dimethyl-9-(formylmethy])isoalloxazine 
(31.1 X 10-*) were supplied by Dr. David Metzler, Iowa State 
College. The figures in parentheses after the two preceding sets 
of compounds were the values for the molar extinction coefficients 
determined in 0.1 n NaOH at 270 mz on an as received basis. 

? Supplied through the courtesy of Dr. Laurens Anderson, Uni- 
versity of Wisconsin. 
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liberates 1 wg. of inorganic phosphorus per hour when the sub- 
strate is p-nitrophenyl phosphate in acetate buffer, pH 5.0. 
Chymotrypsin was purchased from Worthington Biochemical 
Corporation and trypsin was obtained from Nutritional Bio- 
chemicals Corporation. The samples of conalbumin and sidero- 
philin’ were the same preparations previously described (15). 

Determination of Amount of Flavoprotein and Apoprotein in 
Egg W hite—Egg white contains both flavoprotein and apoprotein. 
The amount of flavoprotein in egg white was calculated from the 
riboflavin content of the white. The amount of apoprotein was 
calculated by measuring the additional riboflavin which could 
be bound by the white. These calculations were possible be- 
cause these proteins account for all (or nearly all) the riboflavin- 
binding capacity. The amounts of these proteins were calculated 
on the basis of the binding capacity of purified protein (11.7 ug. 
of riboflavin per mg. of protein). 

The residual riboflavin-binding capacity was determined: (a) 
indirectly from the difference between the riboflavin analyses on 
the white before and after the addition of excess riboflavin, (the 
egg white was thoroughly dialyzed against 0.9 per cent NaCl 
before the latter analyses were made), (6) directly by titrations 
with a standard solution of riboflavin to the first visible fluores- 
cence with an ultraviolet light as the exciting source. A sharp 
end point was obtained in these fluorescent titrations. The 
fluorescence was completely quenched until a stoichiometric 
amount of riboflavin was added to the apoprotein, in contrast to 
only partial quenching given by many compounds (16). The 
direct titrations agreed very closely with the bacteriological 
assays and appeared to have approximately the same experi- 
mental error (+5 per cent). 

Riboflavin was determined microbiologically (10) and spectro- 
photometrically at 450 mu. In the case of egg white, which is 
turbid, the spectrophotometric determinations were made 
against a blank of egg white bleached with sodium dithionite 
(NasS:0,) (1 to 2 mg. of dithionite per 5 ml. of egg white). 

Nutritional Experiment—Six Rhode Island Red hens in cages 
were fed a standard laying diet for several weeks. The hens were 
then randomly divided into three lots of two hens each and 
placed on a synthetic diet. This synthetic diet consisted of 
Drackett protein, 18.3 per cent; starch, 20.0 per cent; glucose 
(cerelose), 39.6 per cent; powdered cellulose, 8.0 per cent; corn 
oil, 5.0 per cent; and several amino acids, vitamins, and minerals. 
One lot (I) was fed a diet containing no added riboflavin, another 
(II) 1.2 mg. of riboflavin, and the last lot (III) 12 mg. of ribo- 
flavin per pound of feed. This diet was continued for 3 weeks. 
Eggs were collected before starting synthetic diet and daily dur- 
ing feeding experiment. The riboflavin in the egg whites was 
determined bacteriologically (10) and the amounts of apoprotein 
and flavoprotein were determined as described above. 

Release of Phosphorus from Apoprotein by Potato Acid Phos- 
phatase—Apoprotein, 15 mg., in 1.5 ml. of 0.1 m sodium acetate- 
0.02 m acetic acid at pH 5.3 was mixed with 0.1 ml. of potato acid 
phosphatase (= 4590 units) and was dialyzed against 30 ml. of 
buffer in a 37°-water bath. One ml. aliquots of the dialysate 
were removed at intervals and analyzed for inorganic phosphorus. 
Total phosphorus analyses were also run concurrently on the 
dephosphorolated apoprotein and the untreated apoprotein in 
some experiments. 


* The siderophilin, also known as transferrin, was supplied by 
the Cutter Laboratories, Berkeley, California. 
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RESULTS 


Flavoprotein and Apoprotein Content of Egg White—Eggs from 
hens on stock rations contained approximately half of the protein 
as flavoprotein and half as apoprotein. The total average 
amount of protein was 0.9 mg. per ml. or 0.8 per cent on a dry 
weight basis as determined in the egg white against the purified 
apoprotein as a standard. Confirmation of this amount was 
given by direct isolation of 80 to 90 per cent of the amount in 
relatively pure form. 

Isolation of Flavoprotein and A poprotein—The flavoprotein was 
first isolated in small quantities from a crude (NH,).SO, egg 
white precipitate (>0.6 saturation) by paper electrophoresis. 
The flavoprotein moved much faster than the other proteins of 
egg white when analyses were run at pH 7 to 9. Later when 
cellulose exchangers became available, the flavoprotein and apo- 
protein were isolated and purified directly from dialyzed egg 
white by adsorption on the anion exchange DEAE-cellulose under 
conditions under which the majority of the egg white proteins 
were not adsorbed, followed by elution and subsequent adsorption 
and elution on the cation exchange agent, CM-cellulose (Diagram 
1). Preparations were also obtained with only a single exchange 
agent, either DEAE- or CM-cellulose, but the sequential com- 
bination gave the best preparations. 

In the procedure according to the scheme of Diagram 1, the 
flavoprotein was dissociated into riboflavin and apoprotein so 
that only apoprotein was isolated. The apoprotein was not 
eluted as a single peak but could be separated into two com- 
ponents as seen in Diagram 1. Flavoprotein could be obtained 
by recombinations with riboflavin from either component. The 
total yield of apoprotein by this procedure was approximately 
600 mg. per 1. of egg white. This is two-thirds the amount 
theoretically present by determinations of flavin-binding capacity 
of egg white. 

Crude flavoprotein was obtained directly from egg white by 
adsorption on and stepwise elution from DEAE-cellulose. The 
isolated flavoprotein had properties similar to that formed by 
complexing riboflavin with the apoprotein. 

Composition and Properties—Important properties of the apo- 
protein are listed in Table I. With the exception of the phos- 
phate content, there was nothing uncommon in the composition 
of the protein. It gave a positive biuret test and did not dialyze 
through ordinary cellophane membranes. The nitrogen content 
(approximately 13 per cent) is low, but a more complete analysis 
is necessary to interpret this low figure. On acid hydrolysis and 
chromatography on paper, tyrosine, tryptophan, alanine, leucine, 
serine, and cystine (cysteic acid) were identified and several other 
common amino acids were suspected. The tryptophan content 
was 6.6 per cent as determined chemically and the tryptophan 
and tyrosine contents were 6.0 and 12 per cent, respectively, 
as determined spectrophotometrically. Two components with 
equal binding capacity were observed. The phosphate content 
of the apoprotein eluted at pH 4.3 (0.8 per cent) appeared to be 
slightly higher than that of the apoprotein eluted at pH 4.5 (0.7 
per cent) but more samples need to be analyzed to prove this 
definitely. These figures give calculated amounts of 8 and 7 
phosphate groups per mole, respectively as based on a molecular 
weight of 32,000. This protein may be similar to ovalbumin in 
regard to phosphate. Ovalbumin A; and A: which vary in only 
one phosphate group have been isolated (5). The phosphate did 
not appear to be caused by contamination with the high phos- 
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D1aGraM 1 
Dialyzed blended egg white supernatant (I L), pH 4.3 





Adsorbed on DEAE-cellulose 
and washed pH 4.3 








pH 4.3 eluate 
Majority of egg white 


DEAE-cellulose 
Crude flavoprotein-apoprotein 





Eluted, pH 3.5 in 0.5 m NaCl 


DEAE-cellulose 








pH 3.5-NaCl eluate 
Crude flavoprotein-apoprotein 





Dialyzed versus H2O adjusted 


Egg White Flavoprotein 
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The electrophoretic mobility was higher than that for any 
previously separated constituent of egg white. In Fig. 1 is 
tracing of an electrophoretic pattern of an equal concentration 
of apoprotein and ovalbumin run in Veronal buffer, pH 8.6, for 
5,700 seconds. The apoprotein moved approximately one and 
a half times as rapidly as ovalbumin. It does not appear similar, 
however, to the fast moving F component of Bain and Deutsch 
(18). Two apoprotein fractions were separated on CM-cellulose, 
one at pH 4.3 and one at pH 4.5. When different mixtures of 
these two fractions were examined electrophoretically, they 
appeared homogeneous at pH 6.9 in 0.1 I'/2 potassium phos. 
phate buffer and at a potential gradient of 4.2 volts per cm. for 


TaBLe [ 
Properties of apoprotein 








pH 3.5 and adsorbed on CM- 
cellulose 








CM -cellulose 
Ovomucoid and apoprotein 


pH 3.6 eluate 
Riboflavin + acidic protein 





Eluted, pH 4.1 








CM -cellulose 
Apoprotein 


pH 4.1 eluate 
Ovomucoid 





Eluted, pH 4.3 








pH 4.3 eluate 
Apoprotein, approximately 300 mg. 


CM -cellulose 
Apoprotein 





Eluted, pH 4.5 





pH 4.6 eluate 
Apoprotein, approximately 300 mg. 


CM -cellulose 


phate-containing yolk protein, phosvitin (17). Phosvitin is 
much more acidic and was shown to bind no riboflavin when 
tested in parallel experiments with the apoprotein. In addition, 
magnesium did not cause dimerization. This was shown by 
comparative determinations of the sedimentation in the ultra- 
centrifuge. Magnesium has been reported to cause dimerization 
of phosvitin (17). A sedimentation constant of 2.76 Svedberg 
units was obtained for both the apoprotein and flavoprotein.‘ 
Molecular weight by ultracentrifugal analyses was calculated to 
be 36,000 while the minimal molecular weight by flavin binding 
was 32,000 (one mole of flavin per mole of protein). The protein 
appeared to be homogeneous by ultracentrifugal analyses. 


4 This figure is nearly identical to that of 2.75 obtained by Dr. 
Leon Cunningham, Vanderbilt University, on a sample of flavo- 
protein, prepared in his laboratory. 





Chemical 
Nitrogen | 13.4% 
Phosphorus 0.7-0.8% 
Sulfhydryl “none”’ 
Carbohydrate (mannose) | present 

Physical 





Molecular weight 
by flavin binding 
by ultracentrifuge 

Sedimentation constant 2.768 

Diffusion constant (25°) | 6.4 X 10-7 em.? sec“! 

Apparent partial specific vol- | 0.70 ml. gm. 

ume 

Electrophoretic mobility 
0.1 1/2 phosphate, pH 6.9 | —12.5 X 10-5 cm.? sec! volt-! 
0.1/2 Veronal, pH 8.6 —11.5 X 10-5 em.? sec.~! volt=! 

Isoelectric point 
apoprotein, 0.1 I'/2 acetate | 3.9-4.1 


32000 gm. mole! 
| 36000 gm. mole! 


dephosphorolated apopro- | >5.0 
tein, 0.1 I'/2 acetate 
Absorption maxima 
apoprotein | 280 mu 


flavoprotein 
Relative binding 


276, 375, 455 my 
| Riboflavin > riboflavin phos- 
phate or FAD 
| Riboflavin > analogues 








Descending9g——+4 
Oo A 





-#—— Ascending 


Fig. 1. Electrophoretic patterns of an equal weight mixture of 
apoprotein (A) and ovalbumin (Q) in 0.1 '/2 Veronal at pH 8.6. 
Duration of experiment 5,700 seconds at a potential gradient of 
4.2 volts per cm. 
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10,260 seconds. The boundaries had to be pumped back to 
lengthen the running time. However, electrophoretic determina- 
tions at pH 4.1 in sodium acetate buffer, 0.1 I'/2 indicated the 
presence of the original two components. The isoelectric point 
estimated by the pH necessary for elutions from CM-cellulose 
gave values of pH 4.3 to 4.5. The isoelectric point as determined 
by paper or moving boundary electrophoresis with 0.1 I'/2 
sodium acetate as the buffer indicated values of pH 3.9 to 4.1.5 
Although insufficient samples were analyzed to prove definitely 
that preparations with a more alkaline isoelectric point contained 
one less phosphate group, the data suggested such a relationship. 
The flavoprotein-apoprotein doubtlessly has not been identified 
electrophoretically by other workers because of its relatively low 
concentration in egg white. 

The general properties described above apply to the two apo- 
protein fractions and also to the flavoproteins when they were 
examined. The molecular weight by ultracentrifugation was 
identical. The absorption maximum for the flavoprotein in the 
visual range was 455 my compared to 445 my for free riboflavin. 
The riboflavin dissociated from the flavoprotein below pH 4.2 
and reassociated above this pH. 

Relative Binding Capacities for Riboflavin, Riboflavin 5'-Phos- 
phate, and FAD—The flavin constituent of the isolated flavo- 
protein was chromatographically determined as riboflavin on 
paper. In a butanol-acetic acid-H,O system (4:1:5) and Rp 
values were: FAD, 0.09; riboflavin phosphate, 0.15; riboflavin, 
0.36; riboflavin from flavoprotein, 0.36. Its absorption spectrum 
and microbiological activity were essentially identical to those 
of an authentic sample of riboflavin. The flavin constituent of 
the flavoprotein of the whites of turkey and duck eggs was 
examined chromatographically and also found to be riboflavin. 

Although riboflavin was the flavin constituent of this flavo- 
protein, riboflavin phosphate and FAD formed complexes with 
the apoprotein as shown by quenching of their fluorescence and 
by stability to dialysis. However, riboflavin phosphate and 
FAD were bound less strongly than riboflavin. For complete 
quenching of fluorescence, more than 1 mole of apoprotein was 
required per mole of riboflavin phosphate or FAD. In addition, 
riboflavin would displace riboflavin phosphate or FAD from the 
apoprotein or prevent their complexes from forming as shown by 
competitive binding experiments. In one of several such com- 
petitive experiments the following mixtures were added to 4.17 
mg. of apoprotein in 0.05 m K,HPO, at pH 7.0 to give a final 
volume of 5 ml. and with concentrations indicated: (A) 0.47 
umole of riboflavin phosphate and 0.213 umole of riboflavin, (B) 
0.47 umole of riboflavin phosphate and 0.106 umole of riboflavin, 
(C) 0.111 umole of FAD and 0.106 umole of riboflavin, and 
(D) 0.111 wmole of FAD and 0.213 umole of riboflavin. The 
solutions were dialyzed against 0.9 per cent NaCl-0.01 m Na-- 
HPO, at pH 6.5 and then against 0.04 m Tris® at pH 8.0 for 4 
days. The flavoprotein was then chromatographed and only 
riboflavin was found. (Dissociation of the flavins from the apo- 
protein occurs under conditions employed for chromatography.) 
In the above experiments, the order of adding the flavins and the 
time of preincubation of each flavin before addition of the second 
flavin were varied. In all cases similar results were obtained. 


5 It is planned to treat these apparent differences in the isoelec- 
trie points obtained by the two different methods, and also the 
microheterogeneity of the flavoprotein, in a future article. 

‘The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Fic. 2. Enzymatic release of phosphorus from apoprotein by 
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Stability of Flavin-Binding Capacity—Limited studies were 
made on the effect of proteolytic enzymes and denaturing agents 
on the apoprotein. The flavin-binding capacity was destroyed 
by the action of proteolytic enzymes as determined by direct 
titration with riboflavin to fluorescence. In one experiment the 
following solution was incubated for 22 hours at 37°: 3 mg. per 
ml. of apoprotein, 0.13 mg. per ml. of trypsin, and 0.03 m Na-- 
HPO, at pH 7.5; 34 per cent of the binding capacity remained. 
In a second experiment, the following solution was incubated for 
16 hours at 37°: 3 mg. per ml. of apoprotein, 0.33 mg. per ml. of 
chymotrypsin, and 0.033 m NasHPO, at pH 7.5. Less than 1 
per cent of the binding capacity remained. However, heating 
the apoprotein in 0.05 m Tris, pH 7.0, at 100° for 15 minutes did 
not cause loss of binding capacity. Urea (8 m) caused dissocia- 
tion of riboflavin from the apoprotein. 

Dephosphorylation of Protein—Both the apoprotein and the 
flavoprotein were rapidly hydrolyzed by potato acid phosphatase 
giving inorganic phosphate and the dephosphorylated proteins 
(Fig. 2). More than 80 per cent of the phosphate became dialyz- 
able when 10 to 15 mg. of either the apoprotein or flavoprotein 
were incubated in 1.1 ml. of 0.1 m sodium acetate buffer at pH 
5.3 containing 4600 units of enzyme at 37° for 3 to 5 hours. 
When more enzyme was added after 3 hours, approximately 95 
per cent of the phosphorus was liberated. No proteolysis appar- 
ently occurred as shown by the absence of peptides or amino acids 
on chromatography of the concentrated dialysates. 

The dephosphorylated preparations retained their full flavin- 
binding capacities, but had an apparent isoelectric pH approxi- 
mately 0.5 to 0.7 pH unit more alkaline than the original protein. 
This was shown both by adsorption and elution from CM-cel- 
lulose and by paper electrophoresis. On paper electrophoresis 
at pH 5.3 in acetate buffer for 16 hours, the dephosphorylated 
apoprotein did not move while the apoprotein moved positively. 
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TaBLeE II 


Influence of hen’s dietary riboflavin on riboflavin and 
flavoprotein-apoprotein concentration of white 














Egg white composition 
Riboflavin in ration 
: r | Total riboflavin- | Total calculated 
Riboflavin | binding capacity — 
mg./lb. pg./ml. “2 ug./ml. mg./ml. 
i 0.25 8.8 | 0.75 
eos 5 nce wacae 1.1 7.8 0.67 
ARERR irene 2.4 9.5 | 0.81 
OO ae 3.9 | 9.0 | 0.77 








* Total binding capacity is determined by amount of riboflavin 
present and additional amount of riboflavin bound. 

6 Total calculated flavoprotein and apoprotein. 

¢ Each figure represents the average value of analyses of egg 
white of 2 eggs from 2 hens each on the respective rations for 16 
days. Rations described in text. 

4 Stock ration was a standard egg laying ration. 


At pH 4.8, the dephosphorylated apoprotein moved negatively 
and the apoprotein moved positively. 

Biological Properties—In a limited number of experiments 
performed by Dr. Leon Cunningham of Vanderbilt University, 
no enzymatic activity of the flavoprotein was found.’ 

The apoprotein, however, was found to inhibit the growth of 
the two different microorganisms tested, Streptococcus zymogenes 
(19) and Lactobacillus casei (10), both of which require riboflavin 
and are used for its assay. With both organisms, the molar 
ratio of apoprotein (molecular weight of 32,000) to riboflavin of 
approximately 10 was necessary for complete inhibition of 
growth. In control experiments the media were not found to 
have a significant effect on the binding of the riboflavin by the 
apoprotein. 

Influence of Riboflavin Content of Hen’s Diet on Flavoprotein 
and Apoproten Content of White—As is well known, when the 
riboflavin content of the ration of the laying hen is low, the ribo- 
flavin content of the white of the eggs is greatly lowered (2). 
Experiments were designed to show whether or not the total 
amount of flavoprotein and apoprotein would also be lowered. 
The results of one such experiment are given in Table II from 
which it is evident that there was no decrease in the total ribo- 
flavin-binding capacity of the white on a ration which lowered 
the flavin content to <10 per cent of that occurring on control 
diets. 

Of particular interest was the observation that the white of 
the duck egg contained only a very small amount of riboflavin, 
about 10 per cent that of the chicken on a normal ration or around 
0.3 wg. per ml. The total flavoprotein-apoprotein content of 
the duck white was, however, 60 per cent that of the chicken 
white. In one experiment, a comparatively large amount of 
riboflavin (40 mg.) was given orally to a duck and the eggs 
examined on successive days. There was no increase in the 
flavin content of the whites. 

Possible Complexes between Flavins and Conalbumin or Sider- 
ophilin—Various reports have indicated an association of ribo- 
flavin with conalbumin. Conalbumin was once reported as a 


7 Dr. Leon Cunningham (personal communication) in a limited 
study found no enzymatic activity of the flavoprotein when tested 
against DPNH, TPNH, p-alanine, and xanthine in various com- 
binations and with 2,6-dichlorophenolindophenol as acceptor. 
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possible flavoprotein (3). This was probably due to contamina- 
tion of the conalbumin with the flavoprotein which precipitates 
under nearly the same conditions employed for isolation of conal- 
bumin. Also, riboflavin was found to increase greatly the anti- 
bacterial activity of conalbumin (20). More recently, Mahler 
and Elowe (4) have reported that the nearly identical protein, 
siderophilin formed complexes with ril oflavin phosphate and 
FAD when iron was present. These authors discuss conalbumin 
but report no data for this protein. 

Under the conditions employed in this present study it has 
not been possible to demonstrate a complex between either ribo- 
flavin or riboflavin phosphate and either iron or copper conal- 
bumin. When 0.245 umole of conalbumin, 0.267 umole of ribo- 
flavin, and 0.5 umole of Fe were mixed (final volume of 3 ml.) 
and then dialyzed against 0.1 m Tris, pH 8.0, no riboflavin was 
retained by the iron conalbumin. Changing the order of the 
addition of the reactants did not change the results. Further, 
the absorption peak of the original mixture read against iron 
conalbumin was at 445 my as for free riboflavin. The fluores- 
cence of riboflavin was not quenched by the iron conalbumin,. 
In similar experiments with copper conalbumin, both the ribo- 
flavin and copper rapidly dialyzed. Riboflavin thus did not 
form a stable complex with copper conalbumin nor did it stabilize 
the weak copper conalbumin complex (15). Similar results were 
also obtained with riboflavin phosphate and iron conalbumin. 
Riboflavin phosphate was also shown not to be bound in an 
equilibrium dialysis experiment conducted with similar concen- 
trations of reactants as described above. 

In contrast to previous reports (4) we have been unable to 





























TaB_e III* 
Relative bindings of analogues of riboflavin by apoprotein 

Ribo- Ph nead | 
Compound i favia ay Irbonsvin eee Rete 
displaced | ana- |displaced Dis- , 

logues placed Bound | 
= 

ug./ml. in ug./ml. | yg. we. | 
Riboflavin............ <0.003 10.00) 1.00 
3-Methylriboflavin....| 0.195 | 0.006) 0.189 | 4.73) 5.26] 0.156 
Lyxoflavin............| 0.114 | 0.008) 0.106 | 2.65) 7.35) 0.060 
Galactoflavin......... 0.092 | 0.007) 0.085 | 2.13 7.87) 0.049 
Lumiflavin...........| 0.040 | 0.007) 0.033 | 1.08} 8.92) 0.014 
3-Methyllumiflavin...| 0.044 | 0.00 | 0.044 | 1.10) 8.90) 0.015 

6,7-Dimethyl-9(for- | | 

mylmethyl)isoal- | 
lowasiae®............ 0.050 | 0.008 0.042 1.05) 8.95' 0.015 

6-Chloro-9-sorbityl- | 
isoalloxazine....... 0.0035, 0.00 0.0035) 0.09) 9.91) 0.002 








* Riboflavin, 10 ug., plus 60 ug. of analogue was mixed with | 
mg. of apoprotein in 0.025 m sodium phosphate buffer, pH 7.0, in 
a total volume of 3ml. This was dialyzed against 22 ml. of buffer 
for 2 hours. Assays for riboflavin displacement were run on the 
dialysate. 

t These figures represent the riboflavin activity of analogues 
when traces of riboflavin are present as determined by separate 
experiments. 

t Binding relative to riboflavin under the competitive condi- 
tions described in the text. Figures calculated on basis of fol- 
lowing equation: 


ug. riboflavin displaced 
ug. riboflavin bound 
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demonstrate the formation of a complex between iron siderophilin 
and riboflavin phosphate in an equilibrium dialysis experiment 
conducted under the conditions described above. 

Binding of Analogues and Derivatives of Riboflavin—The bind- 
ing of analogues and derivatives of riboflavin was studied by 
titrations of fluorescence quenching and competitive dialyses. 
The following compounds were studied: 3-methylriboflavin 
(3,6, 7-trimethyl-9-(p-1’-ribity]) isoalloxazine), L-lyxoflavin (6 ,7- 
dimethyl-9-(L-1’-lyxity])isoalloxazine, p-galactoflavin (6,7-di- 
methyl-9-(p-1’-dulcity])isoalloxazine), lumiflavin (6,7 , 9-trimeth- 
ylisoalloxazine), 3-methyllumiflavin (3,6,7 ,9-tetramethylisoal- 
joxazine) , 6,7-dimethyl-9-(formylmethy])isoalloxazine, and 
favotin (6-chloro-9-(p-1’-sorbity])isoalloxazine). All of these 
compounds fluoresced and their fluorescences were quenched by 
direct titrations of the apoprotein. In all cases, however, more 
than 1 mole of apoprotein was necessary. Binding of the flavins 
was confirmed by dialyses of the titration mixtures against 0.012 
uv phosphate buffer at pH 7.0 and containing 0.078 m NaCl. 

In the competitive binding studies, mixtures of 10 ug. of ribo- 
flavin and 60 yg. of each of the compounds were added to 1.0 
mg. of apoprotein in a total volume of 3 ml. of 0.025 m phosphate 
buffer at pH 7.0. This mixture was dialyzed for 2 hours at 2° 
with agitation against 22 ml. of buffer and the dialysates assayed 
for riboflavin. The results obtained and calculation of relative 
bindings are given in Table III. Substitution in the 3-position 
decreased the binding but even greater decreases occurred by 
changing the substituents in the 9-position. 


DISCUSSION 


This flavoprotein-apoprotein system from egg white is of par- 
ticular interest in that it appears to be the first characterized 
example of a flavoprotein containing the vitamin form, riboflavin 
itself, as a component. 

The side chain on the 9-position appears to be very important 
for the binding of flavins to the apoprotein of egg white. The 
importance of the substituent in the 9-position has been pre- 
viously indicated by the low biological activity of flavin analogues 
modified in this position (21). In the present study relatively 
minor differences in this group caused great differences in rela- 
tive bindings. The decreased bindings of riboflavin phosphate 
and FAD are in agreement with these observations. Whether 
this participation of the substituent in the 9-position is through 
a stereo-interlocking (fitting) or an ionic or covalent bond has 
not been established. 

Previous workers have postulated that the 3-position of the 
issalloxazine was a primary point of attachment of the flavin to 
the protein (22). In the present study, blocking the 3-position 
of riboflavin with a methy] group (3-methylriboflavin) decreased 
the relative binding but less than changes in the side chain on the 
‘position. Apparently, part of the reason for assuming a 
primary importance of the 3-position has been due to misinterpre- 
tation of the data of earlier workers that blocking the 3-position 
quenched fluorescence (21). This has been corrected and fluores- 
cence spectra for 3-methylriboflavin have been presented by 
Harbury and Foley (23). 

The results indicate that both the 3- and the 9-position on the 
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isoalloxazine are important in binding of flavin. However, while 
the relative binding of 3-methy] lumiflavin is quite small, this 
flavin in the absence of riboflavin is bound and its fluorescence 
quenched. This would suggest that other groups are also impor- 
tantin binding. In addition, the results suggest that the phenom- 
ena of quenching may be due to an over-all charge transfer 
between the protein and the flavin rather than by blocking or 
binding of a simple group on the isoalloxazine nucleus. These 
observations would indicate that riboflavin is either bound by 
several sites or the entire molecule fits into a very specific struc- 
ture on the protein. 

As is the case with all the other egg white proteins (24), no 
definite function can yet be given to the flavoprotein or apo- 
protein in the properties of the egg. It may possibly be of 
importance in the antimicrobial defense but it would appear to 
be less important than lysozyme, avidin, and particularly conal- 
bumin (20, 24). A much more detailed study, of course, is 
necessary to prove or disprove its enzymatic activity. With the 
data presently available, it can only be considered as a “ribo- 
flavin-trapping” agent which is in part, at least, analogous to the 
biotin-avidin system. 

The riboflavin in egg white was shown to be essentially all 
combined as the flavoprotein. The studies showing no signifi- 
cant binding of riboflavin, riboflavin phosphate, or FAD by the 
iron complexes of conalbumin or siderophilin (transferrin), indi- 
cate that these systems cannot be considered as models of metal- 
containing flavoproteins, as has been suggested (4). This is in 
agreement with recent observations that compounds of the flavin 
type are not particularly strong chelators (25). 


SUMMARY 


A flavoprotein and its corresponding apoprotein have been 
isolated and purified directly from chicken egg white by the use 
of a sequential combination of diethylaminoethy] cellulose and 
carboxymethyl! cellulose. Egg white contained 0.9 per cent of 
an approximately equal mixture of flavoprotein and apoprotein. 
The flavin moiety was riboflavin and all the riboflavin of egg 
white was apparently bound as the flavoprotein. The protein 
contained 0.8 per cent phosphorus, the majority of which could 
be removed enzymatically without affecting the flavin-binding 
capacity. It had weak antibacterial activity. The molecular 
weight was found to be 32,000 to 36,000 gm. per mole. Ribo- 
flavin was bound more tightly than riboflavin phosphate, flavin 
adenine dinucleotide, or seven other analogues studied. Modifi- 
cation of the carbohydrate group in the 9-position decreased the 
binding more than methylation in the 3-position. 


Acknowledgments—The authors express their gratitude to Dr. 
Y. C. Ng for operation of the ultracentrifuge, to Dr. R. M. Hill 
for help with ultracentrifugal and electrophoretic analyses, to 
Dr. H. Sahinkaya, Dr. R. Dam, and Dr. Hilmi Pamir for assist- 
ance in the bacterial assays, and to Dr. P. Griminger for assist- 
ance in the riboflavin dietary experiment. The authors also 
greatly appreciate helpful suggestions and the communications 
of his results on the flavoprotein by Dr. Leon Cunningham, 
Vanderbilt University. 


REFERENCES 


1, Herman, V., Poultry Sci., 14, 137 (1935). 


2. Norris, L. C., anp BAUERNFEIND, J. C., Food Research, 5, 521 
(1940). 


3. Bain, J. A., AND Deutscn, H. F., J. Biol. Chem., 172, 547 
(1948). 

4. Manuer, H. R., anp Etowe, D. G., J. Biol. Chem., 210, 165 
(1954). 








2060 


10. 


11. 
12. 
13. 
14. 


. Ruoves, M. B., Azari, P. R., AnD Feeney, R. E., J. Biol. 


Chem., 230, 399 (1958). 


. Peterson, E. A., anp Soper, H. A., J. Am. Chem. Soc., 78, 


751 (1956). 


. SNELL, F. D., anv SNELL, C. T., Colorimetric methods of anal- 


ysis, Vol. II, 3rd edition, D. Van Nostrand Company, New 
York, 1949, p. 657. 


. Witson, D. W., A laboratory manual of physiological chemistry, 


5th edition, The Williams and Wilkins Company, Baltimore, 
1944, p. 164. 


. Brock, R. J., Durrum, E. L., anp Zweic, G., A manual of 


paper chromatography and paper electrophoresis, Academic 
Press, Inc., New York, 1955, p. 64. 

Official methods of analysis of the Association of Official Agri- 
cultural Chemists, 8th edition, Association of Official Agri- 
cultural Chemists, Washington, 1955, p. 823. 

Spies, J. R., anp CuamBers, D. C., Anal. Chem., 21, 1249 
(1949). 

Goopwin, T. W., anp Morton, R. A., Biochem. J., 40, 628 
(1946). 

Kaan, D.S., anp Poison, A., J. Phys. and Colloid Chem., 61, 
816 (1947). 

Butt, H. B., Physical biochemistry, 2nd edition, John Wiley 
and Sons, Inc., New York, 1951, pp. 301, 321. 


Egg White Flavoprotein 


15. 


16. 
17. 


18. 
19. 
20. 
21. 


22. 


24. 


Vol. 234, No. 8 


Azar, P. R., anp Feeney, R. E., J. Biol. Chem., 232, 293 
(1958). 

WeseR, G., Biochem. J., 47, 114 (1950). 

MecuaM, D. K., anp Oxcorr, H. 8., J. Am. Chem. Soc., 71, 
3670 (1949). 

Bain, J. A., AND Deutscu, H. F., J. Biol. Chem., 171, 53] 
(1947). 

KornserG, H. A., Lanepon, R. S., anD CHELDELIN, V. H., 
Anal. Chem., 20, 81 (1948). 

FEENEY, R. E., anp Naey, D. A., J. Bacteriol., 63, 629 (1952), 

Horwitt, M. K., in W. H. Sesre.y, Jr., anp R. S. Harris 
(Editors), The vitamins, Vol. III, Academic Press, Inc., 
New York, 1954, pp. 334, 358. 

THEORELL, H. in D. E. Green (Editor) Currents in biochemi- 
cal research, Interscience Publishers, Inc., New York, 1956, 
p. 275. 


. Harsury, H. A., ano Fouey, K. A., Proc. Natl. Acad. Sci. 


U.S., 44, 662 (1958). 

Warner, R. C., in H. Neuratu anv K. C. Battery (Editors) 
The proteins, Vol. 2, Part A, Academic Press, Inc., New York, 
1954, p. 435. 


. Hemmerica, P., anp Fauuas, 8., Helv. Chem. Acta, 41, 498 


(1958). 





acl 
tec] 
oce 
and 
ant 
and 
the: 
is € 
Kol 
exp 
test 


brotl 
Mich 
Mary 

*N 


XUM 





No.8 


32, 293 


ac., TA, 
71, 531 
Vv. Be 
(1952). 
HARRIS 


3, Inc., 


ochemi- 
k, 1956, 


1d. Sci. 


1ditors) 
w York, 


41, 498 





Tue JOURNAL oF BroLoGgicaL CHEMISTRY 
Vol. 234, No. 8, August 1959 
Printed in U.S.A. 


The Metabolism of Carbon-labeled Urea 
in the Germfree Rat 


STanLeY M. Levenson, Leo V. Crowtey, Ricwarp E. Horowitz, anp OLE J. MALM 


From the Department of Germfree Research, Special Activities, and the Department of Surgical Metabolism and 
Physiology, Walter Reed Army Institute of Research, Walter Reed Army Medical 
Center, Washington 12, D. C. 


(Received for publication, January 5, 1959) 


For many years, urea was considered an end product of amino 
acid metabolism in mammals. With the advent of isotopic 
techniques (1-3), it was realized that further catabolism of urea 
occurred, probably due to bacterial action in the gut. Dintzis 
and Hastings (4) found that by feeding a mixture of various 
antibiotics to mice, the breakdown of urea to carbon dioxide 
and ammonia was almost completely abolished. From this, 
they concluded that enzymatic hydrolysis of urea in mammals 
is effected only by urease of the bacteria present in the gut. 
Kornberg et al. (5, 6) also arrived at this conclusion from their 
experiments in cats. We have subjected this thesis to direct 
test in the “germfree” animal. 


METHODS 


In these experiments, 6 healthy, female, white Lobund! 
strain rats were used. They ranged in weight from 250 to 350 
gm. Of these, 4 (germfree since birth) were housed in individual 
wire mesh cages in a standard germfree Reyniers’ holding tank 
(7). The diet was sterilized by steam under pressure. The 
microbiologic examinations of the germfree animals and tank 
consisted of weekly sampling of food, feces, cage debris, and anal 
contents cultured on blood agar plates, Sabouraud’s plates, 
thioglycolate broth, brain-heart infusion broth and plate, and 
Trypticase soy broth.? In addition, at time of sacrifice, blood, 
liver, lung, and spleen, as well as cecal and nasopharyngeal con- 
tents, were cultured on the above media. .There was no growth 
inany of the cultures. These animals, then, are termed “germ- 
free’, 7.e. free from bacteria and fungi by our tests. The other 2 
rats were normal controls maintained since birth in a conven- 
tionalanimalroom. Their diet was prepared in the same fashion 
as for the germfree rats. 

The C'*-urea solution was prepared by dissolving labeled 
crystalline urea (kindly supplied by Dr. Wright Langham, Los 
Alamos Scientific Laboratories, Health Division, Los Alamos, 
New Mexico) in 0.9 per cent sodium chloride solution and 
aseptically transferring it, with a Swinny hypodermic adapter; 
with a millipore filter, to a sterile rubber-stoppered serum bottle. 
The C-urea solution was cultured each time it was used and 
ilways found sterile. The serum bottle containing the isotopic 


‘Lobund, Laboratory of Biology, University of Notre Dame. 

*The Trypticase soy broth was prepared from Trypticase soy 
broth (dehydrated) produced by Difco Laboratories, Detroit, 
Michigan and/or by Baltimore Biological Laboratories, Baltimore, 
Maryland. 

‘Millipore Filter Corporation, Watertown, Massachusetts. 
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urea solution was entered into the Reyniers’ tank through a 
germicidal trap. Five rats were given a subcutaneous injection 
of the sterile C'-urea solution (0.6 ml. of C'-urea, containing 
2.5 X 10-5 mmoles of urea, with a total activity of 1 & 108 ¢.p.m. 
as measured at infinite thinness in our Q gas flow counter). The 
labeled urea, diluted with additional 0.9 per cent sodium chloride 
solution, was given intragastrically to 1 germ-free rat by a 
nasopharyngeal tube. The rats were allowed food and water 
ad libitum up to injection time; no food or water was given there- 
after. Immediately after injection, each rat was placed in a 
metabolic apparatus (8) for collecting expired COs, urine, and 
feces. For all the germfree rats, the metabolic apparatus and 
sodium hydroxide solutions were sterilized by autoclaving inside 
a Reyniers’ tank. The germfree animal was then transferred 
under sterile conditions from the holding tank to the experimental 
chamber. These experiments, then, were conducted under germ- 
free conditions. One of the experiments on the control rats was 
conducted similarly, except, of course, that the animal was not 
sterile. The other experiment on a control rat was carried out 
in an ordinary laboratory hood. Radioactivity determinations 
were made on weighed samples of BaCO; as described in an 
earlier paper (9). 


RESULTS AND DISCUSSION 


The dramatic difference between the amounts of C“O, expired 
by the germfree rats and the controls, after the subcutaneous 
injection of the C'-labeled urea, is shown in Fig. 1. The control 
animal expired an amount of C“ in 6 hours equivalent to 2 per 
cent of the injected dose; the germfree rat only ;}5 as much. 
The specific activities of the CO, expired by the two types of 
rats were also strikingly different (Fig. 1, cf. Table I). The 
pattern of urea metabolism in the germfree rats was similar 
whether the labeled urea was given subcutaneously or intra- 
gastrically (Table II). 

The very small fraction of the injected C“ expired by the germ- 
free rat is definite; it is not a methodologic error. Clearly, then, 
urea does break down at a very slow rate in the rat in the absence 
of bacteria. But we need not invoke endogenous tissue urease 
activity to explain this, since we found that urea hydrolyzes 
spontaneously in vitro to at least this extent at pH 7 at a tem- 
perature of 37°. 

The studies in vitro were performed by incubating sterile C'- 
urea solutions which were buffered at pH 7 with phosphate and 
were covered with mineral oil. After incubation, the mineral 
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oil was removed, the pH adjusted to 2 with phosphate buffer, 
and any volatile material was then washed out with dry N, into 
2.5nN NaOH. Kinetic analysis revealed that the urea hydrolyzed 
at a rate of about 0.045 per cent per hour. 

Applying this figure to the germfree rat, and assuming that no 
urea was enzymatically metabolized, as much as 0.18 per cent 
of the original injected dose might have been expired as CO, in 
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Fic. 1. The expiration of CO: after subcutaneous injection of 
C4-urea into a germfree, X --- X, and a control, O——O, rat. 
Specific activities, counts per minute per mg. of C, in parentheses. 


TaBLe I 
4-Hour expiration of CO. after subcutaneous injection of C'4-urea 





| 








Control Germfree 
Animal No. Z ; ee | eT eb eS ie 
A athe! SRE eae) Se 
CO: expired, mg.............. 3225 | 3338 | 3532) 2924) 3117 
Specific activity of expired | 
C¥Os (c.p.m./mg. of C)....| 285) 203) 1.8 2.3| 3.0 


Percentage of administered 
C'4-urea expired as CO ....| 1.31 | 1.48 





0.018) 0.018 0.025 
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TaBLe II 


CO. expired by a germfree rat given C'4-labeled 
urea intragastrically 





| ieias 
Specific activity of |Percentage of administered 





To | eae | roe 
hrs. c.p.m./mg. of C | 
1 | 2.6 | 0.006 
2 1.3 0.009 
3 0.4 | 0.010 
4 | 0.5 | 0.011 
5-6 0.4 0.012 
7-12 0.2 | 0.013 
13-24 <0.1 0.013 
25-48 <0.1 


| 0.013 





4hours. But this estimate is clearly too high since (a) the germ- 
free rats excreted 25 per cent of the injected urea in the urine 
over the 4-hour period, and (b) a previous study by Solomon 
et al. (10) has shown that when C-labeled bicarbonate is injected 
into fasted rats after administration of lactic acid by stomach 
tube, the expired radioactive CO, over a 4-hour period accounts 
on the average, for 50 per cent of the radioactivity injected. In 
their experiment, less than 2 per cent of the radioactivity was 
recovered in the urine. 

The actual amount of C™ expired by the rat given urea over 
the 4-hour period was 0.02 per cent which although different 
from a theoretical estimate (0.06 per cent) is of the same order 
of magnitude, and, actually, is lower and precludes the possibility 
of enzymatic action. 

Our results support unequivocally the thesis that the enzymatic 
hydrolysis of urea in mammals is effected by urease of bacteria 
present in the gut; in the absence of bacteria, urea is a true end 
product of amino acid metabolism in rats. 


SUMMARY 


1. C'-urea was injected subcutaneously into three germfree 
and two normal control] rats; the labeled urea was given intra- 
gastrically to one other germ-free rat. 

2. The germfree animals expired only ;}5 as much CO, as 
the controls in the first 6 hours after the administration of the 
urea. 

3. The pattern of urea hydrolysis in the germfree rats was the 
same whether the labeled urea was given subcutaneously or 
intragastrically. 

4. These results support the thesis that the enzymatic hydrol- 
ysis of urea in mammals is effected by urease of their bacteria. 
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Conversion of 1 carbon precursors to methionine methyl] groups 
in a cell-free preparation was first demonstrated by Berg in 
this laboratory (2). Berg inactivated a pigeon liver extract by 
Dowex 1-Cl- treatment and dialysis and found that it could be 
activated by a boiled extract of pigeon liver. Methionine methyl 
formation in dialyzed liver extracts has been activated recently 
by mixtures of known cofactors. Nakao and Greenberg (3, 4) 
have reported that serine-3-C™ and formaldehyde-C™ are con- 
verted to methionine-C"H;; in a dialyzed cell-free extract of sheep 
liver supplemented with p1t-homocysteine, tetrahydrofolate, 
Mg*+, ATP, DPN or TPN, and methionine. The utilization of 
formaldehyde-C" is stimulated by these substances and also by 
Leucovorin (3,4). Somewhat similar results have been obtained 
with an extract of an acetone powder of chicken liver by Doctor 
et al. (5, 6) and with extracts of Escherichia coli mutants by 
Woods and associates (7-10) who have reported that vitamin 
By stimulates the microbial extracts. 

Studies of methionine biosynthesis have been impeded by the 
lack of analytical methods suitable for enzyme studies. Past in- 
vestigations have used a microbiological assay for the determina- 
tion of methionine (11) and a modification (12) of the Baernstein 
degradation (13) for the determination of methionine-CH;. 
Both of these procedures are time consuming. The Baernstein 
degradation has the additional disadvantage that it can be used 
only to determine the transformation of labeled precursors to 
methionine methyl groups and is not applicable to the study of 
precursors of the homocysteine portion of the methionine carbon 
chain. 

Continuation of studies of methionine biosynthesis in this lab- 
oratory has been directed toward the development of methods 
for the quantitative determination of methionine and of methi- 
onine-C“ and S*5, These procedures have been applied to the 
study of methionine biosynthesis with an ammonium sulfate frac- 
tion of pig liver extract. The possible role of several substances 
which have been implicated in this process have been investi- 
gated. These include choline, thiomethyladenosine, adenosyl- 
homocysteine, adenosylmethionine, and methyl methionine sul- 
fonium. 


EXPERIMENTAL 


Preparation of 0.35 to 0.50 Ammonium Sulfate Fraction of Pig 
Liver—All operations were carried out at 2°. Pig liver obtained 


* Aided by a grant from the American Cancer Society. A pre- 
liminary account of this work has appeared (1). 

+ Public Health Research Fellow of the National Institute of 
Mental Health. Data presented were taken in part from a thesis 
presented to the Graduate School, Western Reserve University, in 
partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. Present address: National Institutes of Health, 
Bethesda 4, Maryland. 
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from the slaughter house was homogenized with 2.5 volumes of 
0.1 m Tris! buffer, pH 7.5, for 1 minute in a Waring Blendor at 
top speed. The homogenate was centrifuged at 10,000 x g 
(Lourdes centrifuge) for 20 minutes and the supernatant solution 
was recentrifuged at 100,000 x g for 120 minutes (Spinco prepar- 
ative ultracentrifuge). The clear red supernatant solution was 
removed and the volume was adjusted with Tris buffer to a final 
protein concentration of 25 mg. per ml. The 0.35 to 0.50 am- 
monium sulfate fraction was then prepared, dissolved in 0.1 m 
Tris buffer, pH 7.5, to a protein concentration of 50 mg. per ml., 
and dialyzed for 3 hours against 100 volumes of the same buffer. 
The resulting solution was lyophilized and stored in a vacuum at 
—10° for periods up to 3 months. The enzyme solution was re- 
constituted immediately before use with ice-cold water. 

Incubation Technique—Incubations were carried out in Thun- 
berg tubes. Formaldehyde and tetrahydrofolate were placed in 
the side arm and the other components of the incubation mixtures 
in the main compartment which was kept in an ice bath. The 
final volume of the incubation mixture was 2 ml. unless otherwise 
noted. All incubations were carried out for 1 hour at 37° under 
hydrogen at atmospheric pressure. For enzymatic determina- 
tion of methionine, an aliquot of the reaction mixture was heated 
for 1 minute in a boiling water bath. When methionine-C™ or 
-S** was determined, the reaction was terminated by the addition 
of one-half volume of 10 per cent trichloroacetic acid. Protein 
precipitates were removed by centrifugation. 

Compounds—p.i-Homocysteine-S** was prepared from pL-me- 
thionine-S** (Volk Radiochemical Company). The methionine 
was converted to S-benzyl-pi-homocysteine-S** (14) which was 
cleaved to homocysteine-S* by the procedure of du Vigneaud and 
Brown (15). The iodine uptake of the product obtained in a 
trial synthesis using unlabeled methionine was 99 per cent of the 
theoretical. 

t-Homocysteine was prepared by the reduction of t-homo- 
cystine (Mann Research Laboratories, Inc.) by the procedure for 
S-benzyl-homocysteine described by du Vigneaud and Brown 
(15). Iodine titration indicated that it was 99 per cent pure. 
In order to determine the optical purity of the t-homocysteine, 
the t-homocystine formed in the iodine titration was isolated 
(yield 97 per cent) and its rotation was determined: [a]” +77° 
(1 per cent in 1 N HCl). A value of [a]? +79° (1 per cent in 1 n 
HCl) has been reported (16). 

L-Methionine-C“H; obtained from the Volk Radiochemical 
Company was used without further purification. Chromatog- 
raphy on Whatman No. 1 paper (descending, solvent travel 33 


1 The abbreviations used are: Tris, tris(hydroxymethyl)amino- 
methane; and P-P, pyrophosphate. 
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to 38 cm., 50 wg. per cm.”) in three solvent systems? showed one 
strongly ninhydrin-positive and radioactive spot and a very faint 
second spot with an Ry value corresponding to that of methionine 
sulfoxide. 

Adenosy]l-L-homocysteine was prepared from t-homocystine 
(Mann Research Laboratories, Inc.) by a modification (17) of the 
synthesis of adenosylhomocysteine described by Baddiley and 
Jamieson (18). Chromatography on Whatman No. 1 paper (de- 
scending, solvent travel 27 to 33 cm. 50 wg. per cm.?) in six 
solvent systems’ showed only one ultraviolet-absorbing and nin- 
hydrin-positive spot. The material contained neither isopro- 
pylidene adenosylhomocysteine nor homocystine. 

u-Methy] methionine sulfonium chloride-C'H; was prepared 
from the iodide which was synthesized from methyl iodide and 
t-methionine essentially by the procedure of Toennies and Kolb 
(19). Exactly equivalent amounts of methyl iodide-C™ and me- 
thionine were initially used. After standing for 3 days, a 30 per 
cent excess of methy] iodide (unlabeled) was added, and the reac- 
tion mixture was permitted to stand for an additional day. 
Methyl] methionine sulfonium iodide-C“H; was isolated as fol- 
lows. Ether, 250 ml., was added to the reaction mixture result- 
ing in the separation of an oil which soon solidified. The product 
was recrystallized by dissolving it in 4 ml. of warm 50 per cent 
ethanol and adding 13 ml. of absolute alcohol. The t-methyl 
methionine sulfonium iodide was removed by filtration and dried 
in a vacuum over P,O;. The yield, based on the methy] iodide- 
C™ used, was approximately 75 per cent. The iodide was con- 
verted into the chloride by dissolving it in 5 ml. of water and 
shaking the solution with an excess of freshly precipitated silver 
chloride until the turbidity cleared. After removing silver iodide 
and excess silver chloride by filtration, the solution was evap- 
orated to dryness under reduced pressure. On adding alcohol, a 
white oil was obtained which soon crystallized. The t-methyl 
methionine sulfonium chloride-C“H; was removed by filtration 
and dried in a vacuum over P.O;. The yield was 95 per cent. 
Chromatograms on strips of Whatman No. 1 paper (descending, 
solvent travel 25 to 33 cm., 50 ug. per cm.?) in three solvents,‘ 
were cut into l-cm. sections which were counted with a Geiger- 
Miiller counter. In each case only one radioactive spot was ob- 
served on the chromatograms. The activity of the spot was 
>200 c.p.m. whereas the activity of the remainder of the paper 
was <5 c.p.m. per cm. section. The radioactive spot coincided 
with the principal ninhydrin spot. A relatively faint second 
ninhydrin-positive spot (nonradioactive), corresponding to me- 
thionine, was observed in the first two chromatograms (Rr = 0.56 
and 0.37, respectively) . 

Calculated: Cl 17.8 per cent 
Found: Cl 17.9 per cent. [a]? +33° (1 per cent in 0.2 n HCl). 


t-Methyl methionine sulfonium chloride was prepared as de- 
scribed for the radioactive compound. 


2 EtOH (95 per cent)-NH; (28 per cent)-H.O, 20:1:4, Rp = 
0.53; 70 per cent ethanol, Rr = 0.62; n-BuOH-HAc-H,0 (upper 
phase), Rr = 0.66. 

3 Pabst solvent system III (600 gm. of (NH,4)2SOx,, 11. of 0.1 m 
Na phosphate buffer, pH 6.8, and 20 ml. of n-propanol), Rr = 
0.12; 70 per cent EtOH, Rr = 0.28; 65 per cent pyridine, Rp = 
0.69; tert-BuOH-HAc-H,20, 5:4:1, Re = 0.13; EtOH-NH;-H.O 
(cf. footnote 2), Rr = 0.17; and n-BuOH-HAc-H.O, (cf. footnote 
2), Re = 0.14. 

4n-BuOH-n-PrOH-(0.1 nN) HCl 1:1:1, Rp = 0.14; EtOH (95 per 
cent)-NH; (28 per cent), 19:1, Ry = 0.09; and n-BuOH-diethylene 
glycol-H.O, 4:1:1, Rp = 0.08. 
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For the preparation of thiomethyladenosine-C“H;, methyl- 
isothiouronium picrate-C“H; was synthesized by the procedure 
of Canellakis and Tarver (20). Methylisothiouronium picrate- 
C'4H;, 1.31 gm., was boiled with 4.13 ml. of 1 n NaOH and 4 nl. 
of water, and the methyl mercaptan-C™ was aerated through a 
CaCl, drying tube into a trap containing an excess of sodium 
ethylate (4 ml. of 1.43 m) in absolute alcohol. Tests with the 
unlabeled compound in which mercaptan was trapped in aqueous 
alkali and determined by titration with iodine indicated that the 
yield of mercaptan was 80 per cent. Therefore, 1.14 ml. of 2.1» 
methyl] mercaptan in absolute alcohol were added to the solution 
in the trap to neutralize excess sodium ethylate. The alcoholic 
sodium methyl mercaptide-C"™ solution was transferred to a 250- 
ml. centrifuge bottle with 2 ml. of absolute alcohol. Anhydrous 
ether, 200 ml., was added to precipitate the sodium mercaptide-C™ 
which was separated by centrifugation and dried in a vacuum 
over P,O;. Sodium methyl mercaptide-C“ was converted to 
thiomethyladenosine-C“H; by the procedure of Baddiley and 
Jamieson (21) with the modification that equivalent quantities 
of the mercaptide and isopropylidene toluenesulfonyladenosine 
were used. The yield was 15 per cent. The purity of the prod- 
uct was studied by paper chromatography on Whatman No. 1 
paper (descending, solvent travel 25 to 35 cm., 50 ug. per em2) 
in three solvent systems.’ Only one ultraviolet-absorbing and 
radioactive spot was detected. 

Thiomethyladenosine was synthesized by the procedure of 
Baddiley and Jamieson (21). On chromatography as described 
for the C-labeled compounds, only one ultraviolet-absorbing 
spot was obtained. 

Choline chloride-C“H; was synthesized from dimethylamino- 
ethanol with methyl iodide-C™ essentially by the procedure of 
Roe (22), and studied by chromatography on Whatman No. 1 
paper (descending, solvent travel 24 to 33 cm., 35 wg. per cm.) 
with four solvents. In each case only one spot was detected 
with either the phosphomolybdate (23) or Dragendorf reagent 
(24). The spots were radioactive and possessed more than 850 
c.p.m. No other areas of radioactivity greater than 5 c.p.m. per 
cm. were detectable. Choline-chloride-C“H3, which undergoes 
rapid radiation decomposition (25), was used immediately after 
it was prepared. 

Adenosy]-t-methionine-C“H; was prepared by the procedure 
described by Cantoni (26). Chromatography on Whatman No. 
1 paper (descending, solvent travel 25 to 40 cm., 100 ug. per cm.) 
in three solvents’ showed a single radioactive spot which coin- 
cided with the ultraviolet-absorbing and principal ninhydrin- 
positive spots in each case. Two faint ninhydrin-positive spots, 
tentatively identified as homoserine and methionine, were pres- 
ent. These contained less than 5 per cent of the total ninhydrin- 
reacting material. The adenine (ultraviolet-absorption) : labile 
methyl (guanidine-acetate methylpherase-creatine assay (27)) 
ratio was 0.95. 

Adenosyl-t-methionine was prepared by the procedure of 


5 Pabst solvent system III (cf. footnote 3), Re = 0.06; 70 per 
cent EtOH, Rr = 0.70; tert-BuOH-HAc-H.0 (cf. footnote 3), 
Rr = 0.64. 

6 EtOH-NH; (cf. footnote 4), Rp = 0.43; n-BuOH-HAc-H:0, 
20:6:17, Rr = 0.47; n-BuOH-diethylene glycol-H.O (cf. footnote 
4), Rp = 0.37, and n-BuOH-PrOH-HCIl, (cf. footnote 4), Rr = 
0.22. 

7 EtOH (95 per cent)-HAc-H.0, 15:1:4, Rp = 0.12, 5 per cent 
KH.PO, saturated with isoamyl alcohol, Rr = 0.76; n-BuOH- 
HAc-H:0 (cf. footnote 2), Rr = 0.02. 
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Cantoni (26). The purity of the product was studied by the 
procedure used with the radioactive compound with identical 
results. 

Formaldehyde-C'* was prepared from barium carbonate-C' 
as described by Sakami (28). The Hantzch reaction (29) was 
used for quantitative formaldehyde determination using as a 
formaldehyde standard a solution determined by the alkaline 
peroxide method (20). Formaldehyde-C™ activity was deter- 
mined by conversion of the formaldehyde to formaldimethone 
which was plated and counted. 

Tetrahydrofolate was prepared as described by Kisliuk (31), 
and 1,3-thiazane-4-carboxylic acid-2-C'* by the procedure of 
Wriston and Mackenzie (32). 

Formaldehyde was obtained from Merck and Company, 
choline chloride, pyridoxal phosphate, t-methionine, pt-homo- 
cysteine, and vitamin By, from the Nutritional Biochemicals 
Corporation, and ATP, DPN, and TPN, from the Pabst Labora- 
tories. 

Chromatography of the t-methionine on Whatman No. 1 
paper (descending, solvent travel 33 to 38 cm., 50 wg. per cm.’) in 
three solvent systems showed only one strongly ninhydrin-posi- 
tive spot. The optical rotation {a]?’ 23.4° (5 per cent in 3 N 
HCl) agreed with the reported value 23.4° (33). The iodine 
titration of the pt-homocysteine was 98 per cent of the theoretical 
value. 


Methionine Determinations 


Determination of Methionine-C™ or -S**—Separation of methi- 
onine by ion exchange chromatography was investigated as a 
potentially more generally applicable technique than the Baern- 
stein degradation (12, 13). It was found that methionine was 
difficult to free from the nonenzymatic condensation product 
of formaldehyde and homocysteine, 1,3-thiazane-4-carboxylic 
acid. Mackenzie’s report (34) that the thiazane is destroyed by 
periodate oxidation, liberating formaldehyde, suggested that the 
methionine might be conveniently isolated if the mixture of 
methionine and thiazane were first treated with periodate. The 
results of the chromatography of methionine-C“H; and 1,3- 
thiazane-4-carboxylic acid-2-C™ before periodate treatment, and 
of methionine-C“H; after periodate treatment, are shown in 
Fig. 1. 1,3-Thiazane-4-carboxylic acid-2-C™ yielded no non- 
volatile radioactive product on periodate treatment. It was 
found that this reagent quantitatively converted methionine to 
the sulfoxide which could be isolated on Dowex 50 columns free 
of contamination by any radioactive product formed in the 
periodate decomposition of 1,3-thiazane-4-carboxylic acid-2-C™ 
or -8*, 

The determination of methionine-C™ or -S** was carried out 
as follows. Aliquots, 2-ml., of the trichloroacetic acid superna- 
tant solutions were mixed with 0.8 ml. of 0.3 m sodium periodate 
solution and allowed to stand for 15 minutes at room tempera- 
ture. Diacetyl, 0.05 ml., was added to destroy the excess 
periodate. The solutions were shaken and allowed to stand for 
10 minutes. The pH was adjusted to 5.0 by the addition of 1 
NaOH, and 5 ml. of a saturated solution of Dimedon were added. 
After 6 hours, the solutions were filtered and chromatographed 
on Dowex 50-H* columns, (200 to 400 mesh, X-12, 0.9 by 40 cm.) 
with 1 n HCl as the eluant. The methionine sulfoxide fraction, 
90 to 170 ml., was collected and assayed for radioactivity. 
Methionine sulfoxide can be separated from methionine, thiazane, 
and serine on these columns. 


A. Stevens and W. Sakami 
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Fic. 1. Chromatography on Dowex 50 of methionine-C“H; and 
thiazane-2-C™ before periodate treatment and of methionine- 
C'4H; after periodate treatment. ----, methionine-C'H; before 


oxidation, 10 wmoles, 40,000 c.p.m.; ——, 1,3-thiazane-2-C™ before 
oxidation, 10 umoles, 7200 c.p.m.; ----, methionine-C™H; after 
oxidation. 


The recovery of methionine-C“H; as methionine sulfoxide- 
CH; from the incubation mixtures containing boiled enzyme 
was 90 + 5 per cent for methionine concentrations between 0.2 
to 10 wmoles. 

Enzymatic Methionine Determination—Microbiological assay 
has been used for the determination of methionine biosynthesized 
in vitro (11). A modification (35) of the McCarthy-Sullivan 
determination (36) which is not subject to interference by 1 ,3- 
thiazane-4-carboxylic acid has been reported but the sensitivity 
of the method is low. 

A more useful procedure is based on the use of Berg’s enzyme.® 
Berg (37) has recently demonstrated that very small amounts 
of methionine may be determined by using a specific methionine- 
activating enzyme of brewer’s yeast. The methionine-contain- 
ing solution is incubated with enzyme P®-P® and ATP and the 
ATP® formed is determined. Aliquots, 0.10 ml., of the boiled 
supernatant solutions of the incubation mixtures were analyzed 
as described by Berg (37). A standard curve was prepared using 
0.1-ml. aliquots of a boiled supernatant solution of a control 
incubation mixture and 0 to 0.5 umole of t-methionine. 1 ,3- 
Thiazane-4-carboxylic acid in amounts less than 3 umoles did 
not affect the assay. 

Separation of Other Compounds from Reaction Mizxtures— 
Methyl methionine sulfonium-C“H;, choline-C“H;, and the 
product of the periodate oxidation of thiomethyladenosine-C“H, 
were separated on the Dowex 50 column at the same time as 
methionine sulfoxide. The latter two compounds were eluted 
in the 300 to 420-ml. and 200- to 345-ml. fractions of the 1 n HCl 
effluent, respectively. In experiments involving the isolation 
of methyl] methionine sulfonium, the column was first eluted with 
1 n HCI, and the sulfoxide fraction, 90 to 170 ml., was collected. 
After running a total of 400 ml. of 1 n HCl through the column 
the sulfonium compound was eluted with 3 n HCl (130- to 220-ml. 
fraction). 

Adenosylmethionine-C“H; was separated from reaction mix- 
tures by chromatography on Dowex 1-Cl- and precipitation as the 
reineckate (26). The reaction was stopped by the addition of 
one-half volume of 7 per cent perchloric acid. After adding 20 
pmoles of carrier adenosylmethionine, protein was removed by 
centrifugation and washed by suspension in 2 ml. of 2 per cent 


8 The use of the enzyme was suggested by Dr. Paul Berg. 





2066 


perchloric acid. The combined centrifugate and wash water was 
adjusted to a phenolphthalein end point by the addition of 1 nN 
KOH. Potassium perchlorate was removed by centrifugation, 
and the supernatant solution was placed on a Dowex 1-Cl- 
column (200 to 400 mesh, X-10, 1.6 by 4 cm.). Adenosyl- 
methionine-C“H; was eluted with 50 ml. of water, precipitated 
as the reineckate, and regenerated as described by Cantoni (26). 
The concentration of adenosylmethionine was determined by 
ultraviolet spectrophotometry. Approximately 50 per cent of 
the carrier adenosylmethionine was recovered. 

Other Analytical Procedures—For determinations of radioactiv- 
ity, aliquots of the solutions were evaporated in cupped glass 
planchets under an infrared lamp to form infinitely thin samples. 
Radioactivity was determined with an end window Tracerlab 
Geiger-Miiller counter. 

Protein was determined by the method of Warburg and Chris- 
tian (38). 

Inorganic phosphate was determined according to Lohmann 
and Jendrassik (39) after charcoal treatment (40) of the superna- 
tant solution of the reaction mixture to remove tetrahydrofolate. 
Tetrahydrofolate in the concentrations used interfered with the 
determination. 

In the measurements of P*-P®-ATP exchange the reaction 
mixtures were incubated for 15 minutes at 37°. The P*-P® 
incorporated into the ATP was then determined (40). 


RESULTS 


Requirements for Conversion of Formaldehyde-C™ to Methionine- 
C“H; in 0.35 to 0.50 Ammonium Sulfate Fraction of Pig Liver 
Extract—v1i-Homocysteine, tetrahydrofolate, ATP, TPN, and 
Mg?*+ stimulated the conversion of formaldehyde-C" to methio- 
nine-C“H; by the 0.35 to 0.50 ammonium sulfate fraction of pig 
liver extract as shown in Table I. The effect of the omission of 
components of the mixture is also shown. Vitamin By. and 
pyridoxal phosphate were not required. The slight effect of 
vitamin B,2 shown in Table I was not reproducible. Methionine 
stimulated slightly and to a variable degree. TPN stimulated 
much more strongly than DPN; the substitution of DPN for TPN 


TABLE I 
Requirements for conversion of formaldehyde-C™ 
to methionine-C'4H; 

The complete incubation mixture contained : formaldehyde-C", 
0.005 m, 260,000 c.p.m.; tetrahydrofolate, 0.0025 m; pL-homocys- 
teine, 0.005 m; ATP, 0.005 m; TPN, 0.001 m; MgClo, 0.005 m; vita- 
min Biz, 10 wg.; pyridoxal phosphate, 0.0005 mM; L-methionine, 
0.005 m; Tris buffer, pH 7.5, 0.1 mM; and protein, 35 mg. 











Omission C4 incorporated in methionine 
c.p.m. 
Ee cust rovcnwiea dw} kaWeislisieclu basa 300 
PIR ics sic wtis a Suu OEbls aber was 19,200 
pL-Homocysteine.................... 2,600 
Tetrahydrofolate.................... 3,100 
Saray see aye are eee 4,100 
eee AS ie rears 2,400 
Vitamin Bis as at ae eiabea tar ws eer ene 6.4 MLO Oi Ware aN 16,800 
MgCl NES hea ch oe ho Sees ae Oe oe | 4 : 500 
Methionine........................ 16,900 
Pyridoxal phosphate................ 19, 200 





* Boiled control. 
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TaBLe II 
Measurement of net formation of methionine by enzymatic assay 
The complete incubation mixture contained : formaldehyde-C™, 
0.005 mM, 520,000 c.p.m.; pL-homocysteine, 0.005 m; tetrahydro- 
folate, 0.0025 m; TPN, 0.001 m; ATP, 0.005 m; MgCle, 0.005 mu; 
Tris buffer, pH 7.5, 0.1 mM; and protein, 60 mg. Total volume, 4 
ml. Calculations based on 2-ml. volume. 














Omision | “rae | “eee 

pumoles pmoles 
NER I Sil he Ce a 0.25 0.32 
DL-Homocysteine............ 0.08 0.09 
Tetrahydrofolate.......... 0.08 0.09 
| et a pate Seg 0.08 0.03 
MGS Sd cabeised vd tO wiatndxae 0.10 0.03 
SS 5526 ere Ase le etciahk 0.06 0.06 

TaBLe III 


Incorporation of formaldehyde-C'* and homocysteine-S** into 
methionine in presence and absence of methionine 

Each tube contained: tetrahydrofolate, ATP, TPN, MgCl, 
and Tris buffer, as in Table II; and 42 mg. of protein. Other ad- 
ditions were: (Experiment 1) pt-homocysteine, 0.01 m; formalde- 
hyde-C'*, 0.005 m, 260,000 c.p.m.; (Experiment 2) formaldehyde, 
0.005 M; DL-homocysteine-S**, 0.01 m, 110,000 c.p.m. The concen- 
tration of added L-methionine was 0.005 m. 














| ee or a 
: cysteine-S** incorporate 
~~ Additions | | 
| —Methionine +Methionine 
| pmoles | umoles 
1 Formaldehyde-C™ | 0.21 0.41 
pL-Homocysteine-S** | 0.25 | 0.44 








reduced the conversion of formaldehyde-C" to methionine-C“H; 
by 75 per cent. Further supplementation of the system with 
glutamate plus glutamic dehydrogenase as a TPNH-generating 
system had no effect, probably due to the presence in the extract 
of an adequate TPNH-generating system in the form of hydroxy- 
methyl-tetrahydrofolate dehydrogenase (41, 42) plus hydroxy- 
methyl-tetrahydrofolate. The ability of the preparation to 
convert formaldehyde and tetrahydrofolate to N-5,10-formyl- 
tetrahydrofolate, in the presence of TPN, was demonstrated 
spectrophotometrically by the procedure of Hatefi et al. (42).° 
Measurement of Net Formation of Methionine—Stimulation of 
the conversion of formaldehyde-C“% to methionine-C'H; by 
methionine itself suggested that the incorporation of C™ might 
occur by an exchange process. Indirect evidence that net syn- 
thesis is involved has been presented by Nakao and Greenberg 
(3,4). In the present study the net formation of methionine has 
been directly demonstrated by the use of Berg’s procedure for 
determination of methionine (Table II). The amount of 
methionine formed, as determined enzymatically, agreed well 
with the amount of formaldehyde-C™ incorporated into methio- 
nine, showing that the incorporation involved net methionine 
synthesis. To eliminate the possibility that added methionine 
may stimulate C™ incorporation by an exchange reaction, the 
extent of incorporation of formaldehyde-C™ and homocysteine- 
S*5 into methionine were compared. 


® A. Stevens and W. Sakami, unpublished experiments. 
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that the C' and S** were incorporated to almost identical extents 
both in the presence and absence of added methionine. This 
is consistent with the view that the principal route of isotope 
incorporation under these conditions involves net synthesis of a 
methyl group from formaldehyde. If the carbon of formalde- 
hyde were exchanged with the carbon of methionine methyl 
groups without the intermediate formation of homocysteine, 
incorporation of the two isotopes would not have occurred to the 
same extent. 

A plausible explanation of the effect of added methionine is 
that it serves as a pool for trapping the biosynthesized, labeled 
methionine thus preventing its destruction through participation 
in further enzymatic reactions. In agreement with this interpre- 
tation, it was observed that a considerable fraction of methio- 
nine-C'4H; was destroyed when added in small amount to the 
incubation mixture (Fig. 2, Curve B). Moreover, the level of 
added methionine that produced a maximum labeling of methio- 
nine-C“H;, <2.5 umoles (Curve A) was also the level of methio- 
nine-C'4H; that could be essentially quantitatively recovered at 
the conclusion of the incubation (Curve B). It would seem that 
the effect of added methionine is due at least in part to a pool 
effect. However some uncertainty concerning this interpreta- 
tion is raised by the results of the experiments shown in Table 
IV. It is seen that methionine-C"™ added in small amount to the 
incubation mixture is largely recovered as methionine-C™ and 
adenosylmethionine-C“ (Experiments 1 and 2), indicating that 
Cantoni’s methionine-activating enzyme (43) is principally 
responsible for the destruction of the amino acid under these 
conditions. According to the simple pool hypothesis one would 
expect to find the increase in formaldehyde-C" incorporated into 
methionine-C™ in the presence of added methionine to be asso- 
ciated with a proportionate decrease in C™ incorporated into 
adenosylmethionine-C™, This was not the case either in the 
absence (Experiment 3) or presence (Experiment 4) of a pool of 
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Fic. 2. Curve A, effect of the concentration of L-methionine on 
the incorporation of formaldehyde-C™ into methionine-C'H;. 
Each tube contained formaldehyde-C™, pt-homocysteine, tetra- 
hydrofolate, ATP, MgCl., TPN, and Tris buffer, as in Table IT; 
and 35 mg. of protein. Curve B, effect of the concentration of L- 
methionine on the recovery of t-methionine-C“H;. Each tube 
contained L-methionine-C'H;, 0.0001 m, 55,000 c.p.m.; formalde- 
hyde, 0.005 m; pL-homocysteine, tetrahydrofolate, ATP, MgCle, 
TPN, and Tris buffer, as in Table II; and 37 mg. of protein. (t- 
methionine = L-methionine-C'* plus unlabeled t-methionine.) 
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TaBLe IV 
Conversion of methionine-C'4H; to adenosylmethionine-C'\H; and 
evidence that formaldehyde-C"* is not converted to 
adenosylmethionine-C'4H; 

Each tube contained: pi-homocysteine, tetrahydrofolate, 
ATP, TPN, MgCls, and Tris buffer, as in Table II; and 35 mg. of 
protein. Other additions were: formaldehyde-C", 0.005 m, 520,000 
c.p.m.; formaldehyde, 0.005 m; adenosylmethionine, 0.0005 m; 
and L-methionine-C'*H;, 0.0001 m, 110,000 c.p.m. The concentra- 
tion of added L-methionine was 0.005 m. Total volume, 4 ml. 
Calculations based on 2-ml. volume. 

















. — —_ Ad 1- 
art.| Additions Mae | Meigs” | methionine 
C.p.m. C.p.m. 
1 | w-Methionine-C“H; | 44,700 7900 
| Formaldehyde 
2 L-Methionine-C'H; 50,700 8600 
Formaldehyde 
Adenosylmethionine | 
| 
3 Formaldehyde-C'* | = — 11,900 | 800 
+ 18,000 | 500 
4 Formaldehyde-C'* - 17,300 | 1200 
Adenosy|methionine + 18,900 | 400 








adenosylmethionine. Adenosylmethionine stimulated as much 
as methionine (Experiment 2), but this may have been due to a 
smal] amount of methionine contained in the adenosylmethionine 
preparation (cf. adenosylmethionine preparation). 

Investigation of Naturally Occurring Methyl Compounds as 
Possible Intermediates of Methionine Methyl Synthesis—Several 
naturally occurring methyl compounds have been tested as pos- 
sible intermediates of the conversion of formaldehyde to methio- 
nine methyl groups. These are methyl methionine sulfonium, 
choline, thiomethyladenosine, and adenosylmethionine. The 
experiments all were of similar design and consisted of two parts. 
First, the incorporation of the C' of the methyl-labeled com- 
pound into methionine was determined. If the compound 
were an intermediate in methionine synthesis, it would be ex- 
pected to be converted to methionine. When the results were 
negative, the effect of the labeled compound on the conversion 
of formaldehyde-C" to methionine-C“H, was determined in order 
to study the possibility of substrate inhibition or poisoning by an 
impurity. Second, it was determined whether a pool of the 
unlabeled compound decreased the conversion of formaldehyde- 
C™ to methionine-C“H;. Under the conditions of the experi- 
ments, relatively small changes in pool size occurred during the 
incubations. In view of the possibility that added methionine 
might stimulate biosynthesis of methionine by a process different 
from that predominating in its absence, all studies of possible 
intermediates have been carried out with and without added 
methionine. 

Methyl Methionine Sulfonium—Reports that methyl methio- 
nine sulfonium will support the growth of rats on methyl-free 
diets (44) and provide methyl groups for the conversion of 
guanidoacetate to creatine in rat liver slices (45) suggested that 
a methyl methionine sulfonium-homocysteine transmethylase 
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TABLE V 


Demonstration of methyl methionine sulfonium-homocysteine 
transmethylase activity in enzyme preparation 
Each tube contained Tris buffer, pH 7.5, 0.1 m, and 36 mg. of 
protein. The additions were: L-methyl methionine sulfonium- 
C4H;, 0.0025 m, 23,000 c.p.m.; pL-homocysteine, 0.005 m; formal- 
dehyde, 0.005 m. Other additions were: ATP, TPN, MgCl:, and 
tetrahydrofolate, as in Table II; and t-methionine, 0.005 m. 











aggnent Additions —— 
c.p.m. 

1 Methyl methionine sulfonium-C'H; 17,500 
pL-Homocysteine 

2 Methy] methionine sulfonium-C'H; 0 

3 Methyl] methionine sulfonium-C'H; 3,400 
pL-Homocysteine, 
Formaldehyde ATP, TPN, MgCl., tetra- 

hydrofolate, and L-methionine 

4 Methyl methionine sulfonium-C'*H; 4,500 
pL-Homocysteine 
Formaldehyde 

5 Methy! methionine sulfonium-C'*H;* 0 
pL-Homocysteine 

6 Methy!] methionine sulfonium-C'H;* 0 








* Boiled controls. 


might occur in animal tissues,’ as in yeast (46) and in Aerobacter 
aerogenes (47). It was possible that this compound was involved 
in methionine formation as illustrated in Reactions 1 and 2. 


Methionine + C,; — methyl methionine sulfonium (1) 


Methyl methionine sulfonium 


+ homocysteine — 2 methionine (2) 


Evidence is presented in Table V that methyl methionine 
sulfonium-homocysteine transmethylase is present in the en- 
zyme fraction. When methyl methionine sulfonium-C“H; was 
incubated with the enzyme preparation in the presence of homo- 
cysteine, 76 per cent of the C™ was recovered in methionine-C“H; 
(Experiment 1). No reaction occurred in the absence of homo- 
cysteine (Experiment 2). Addition of the components of the 
methionine-synthesizing system caused an inhibition of the 
formation of methionine (Experiment 3) that apparently was 
largely due to formaldehyde, since formaldehyde alone (Experi- 
ment 4) produced approximately the same inhibition as all of 
the components together (Experiment 3). The effect of the 
aldehyde may be accounted for by reduction of homocysteine 
concentration through thiazane formation. 

Further experiments demonstrated that free methyl methio- 
nine sulfonium could not be an intermediate of the incorporation 
of formaldehyde into methionine. Although part (23 per cent) 
of methyl methionine sulfonium-C"“H; was converted to methio- 


10 A report of methyl methionine sulfonium-homocysteine 
transmethylase activity in a thetin-homocysteine transmethylase 
preparation from rat liver was published during the preparation 
of this paper (Maw, G. A., Biochem, J., 70, 168 (1958)). 
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nine-C“H; (Table VI, Experiment 1), a pool of methyl methio. 
nine sulfonium did not decrease the incorporation of formalde. 
hyde-C™ into methionine-C“H; in the presence or absence of 
added methionine (Experiments 3 and 4) and only a smal] 
amount of C from the formaldehyde-C™ was trapped in the 
methyl methionine sulfonium pool. 

Nakao and Greenberg (4) have also presented evidence that 
methyl methionine sulfonium is not an intermediate in methio- 
nine synthesis. 

Choline—Berg (48) concluded from isotope dilution studies 
with guinea pig liver slices that choline and betaine are not 
intermediates of the conversion of formate to methionine methy| 
groups. The studies were complicated by uncertainties con- 
cerning the permeability of tissue slices. Since recent evidence 


has indicated that the methyl groups of choline may be formed | 


from formaldehyde without the intermediate formation of 
methionine methyls (49-51) it was considered desirable to estab- 
lish whether or not the formation of methionine methyl groups 
occurs by way of choline in the pig liver enzyme system. It has 
been found that free choline is not an intermediate of methionine 
methyl synthesis (Table VII). Choline-C“H; was not converted 
to methionine-C“H; and was largely recovered after incubation 
(Experiment 1). Choline-C'H; did not greatly depress the 
incorporation of formaldehyde-C™ into methionine-C"“H; (Ex- 
periments 2 and 3). Moreover, the incorporation of formalde- 
hyde-C" into methionine-C"H; was little affected by the presence 


TABLE VI 
Study of methyl methionine sulfonium as possible intermediate of 
conversion of formaldehyde-C'* to methionine-C“H; 

Each tube contained: pLt-homocysteine, ATP, TPN, MgCh, 
tetrahydrofolate, and Tris buffer, as in Table II; and 36 mg. of 
protein. Other additions were: formaldehyde-C", 0.005 m, 260,000 
c.p.m.; formaldehyde, 0.005 m; L-methyl methionine sulfonium- 
C'4H;, 0.005 m, 50,000 c.p.m.; L-methyl methionine sulfonium, 
0.005 m. The concentration of added t-methionine was 0.005 m. 











Methyl 
Experi- Methi- Methi- methi- 
ment Additions onine onine- onine 
No. added CH; | sulfonium- 
| | CMH 
| 
| C.p.m. | C.p.m. 
1 | Methyl methionine sulfonium- | — 11,400 31,200 
C'4H; 
Formaldehyde | + 6,000 | 38,900 
} 
2 | Formaldehyde-C™ — | 18,300 | 38,900 
Methy! methionine sulfonium- te 19,700 | 32,400 
CH, 
3 Formaldehyde-C'' | = 7,400 800 
} + 13,700 , 1,000 
4 | Formaldehyde-C" | - 8,300 | 1,000 
Methyl methionine sulfonium | + 12,100 800 
5 Methyl methionine sulfonium- oo 100 | 47,500 
C4H,* } 
Formaldehyde | 
| 
6 | Formaldehyde-C'* + 400 | —-100 
Methyl methionine sulfonium 














* Boiled controls. 
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TaBLe VII 
Study of choline as possible intermediate of conversion 
of formaldehyde-C™ to methionine-C'H; 

Each tube contained: pt-homocysteine, ATP, TPN, MgCl, 
tetrahydrofolate, and Tris buffer, as in Table II; and 36 mg. of 
protein. Other additions were: formaldehyde - C¥, 0.005 m, 
260,000 c.p.m.; formaldehyde, 0.005 m; choline-CH;, 0.005 M, 
68,000 c.p.m.; choline, 0.005 m. The concentration of added L- 
methionine was 0.005 m. 




















Eagi,| rations —_—_—| Methionine | atenjnie- | Chine 
C.p.m. c.p.m. 
1 Choline-C'H; - 0 47 ,800 
Formaldehyde > 0 48 ,000 
2 Formaldehyde-C"* ~ 2,300 50,000 
Choline-C'*H; _ 10,200 47,300 
3 Formaldehyde-C"™* | = 3,300 1,300 
| + 10,200 500 
4 Formaldehyde-C!* | _ 4,400 | 900 
Choline | + 10,200 900 
| 
5 | Choline-C"*H;* | + 0 | 58,300 
Formaldehyde | 
6 Formaldehyde-C'** + 300 0 
Choline | 








* Boiled controls. 


of a pool of unlabeled choline, and there was very little incorpora- 
tion of isotope into the pool (Experiments 3 and 4). 
Thiomethyladenosine—Schwartz and Shapiro (52) showed that 
over 80 per cent of the sulfur and methyl group of thiomethyl- 
adenosine was recovered in methionine after incubation with a 
methionine-requiring mutant of Aerobacter aerogenes. Homo- 
cysteine supported growth to a somewhat lesser degree. The 
authors suggested that homocysteine might be involved in the 
formation of thiomethyladenosine which then formed methionine 
by transthiomethylation with a 4 carbon compound, possibly 
a-aminobutyric acid. The latter compound was also utilized 
for methionine synthesis by cell-free extracts of the organism. 
Since it was possible that thiomethyladenosine and a-amino- 
butyrate were both formed in the pig liver enzyme system, thio- 
methyladenosine was studied as a possible intermediate. The 
results of these experiments indicate that thiomethyladenosine is 
probably not an intermediate of the conversion of formaldehyde 
to methionine methyl groups, although the results are not as 
conclusive as those of the methyl methionine sulfonium and 
choline studies. Thiomethyladenosine-C“H; may have been 
converted to methionine-C“H; in the presence of the complete 
methionine-synthesizing system (Table VIII, Experiment 1). 
However, a pool of thiomethyladenosine did not significantly 
decrease the incorporation of formaldehyde into methionine 
(Experiments 3 and 4). Thiomethyladenosine activity was 
incompletely recovered after the incubation (Experiment 1) due 
in part to destruction during the isolation. Of the material 
added to the boiled extracts only 60 per cent of the C™ was 
recovered (Experiment 5). Enzymatic destruction may also 
have occurred. The composition of the C-labeled material 
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in the “thiomethyladenosine” fraction (Experiments 3 and 4) is 
being further investigated. It is possible that it contains a 
formylated derivative of tetrahydrofolate which was formed in 
the generation of TPNH by hydroxymethyl-tetrahydrofolate 
dehydrogenase (41, 42) or a product of this compound arising on 
oxidation with periodate. 

Adenosylhomocysteine and Adenosylmethionine—De la Haba 
and Cantoni (53) observed that adenosylhomocysteine is formed 
from adenosine and homocysteine by a rat liver enzyme and it 
therefore was considered possible that adenosylhomocysteine 
might be an intermediate of the conversion of homocysteine to 
methionine and replace the ATP requirement for methionine 
formation. It was found that adenosylhomocysteine stimulated 
the incorporation of formaldehyde-C™ into methionine-C“H, in 
the absence of homocysteine, but that it did not remove the 
requirement for ATP (Table IX). Adenosyl-1-homocysteine 
stimulated the reaction at a much lower concentration than L- 
homocysteine (Fig. 3). The rate was maximal at approximately 
2 umoles, and was diminished by t-methionine. In contrast, 
t-homocysteine stimulated maximally at 5 umoles and, at higher 
homocysteine concentrations, further stimulation was produced 
by supplementation with t-methionine. The stimulation by 
adenosylhomocysteine suggested that methyl synthesis de novo 
occurred on adenosylhomocysteine, forming adenosylmethionine 
and that adenosylmethionine was either cleaved to methionine 
or transferred a methyl group to homocysteine, as has been 
observed in Aerobacter aerogenes (54). However, significant 
breakdown of adenosylmethionine-C“H; to methionine-C“H, 


TaB_e VIII 


Study of thiomethyladenosine as possible intermediate of conversion 
of formaldehyde-C'* to methionine-C'* 

Each tube contained: pt-homocysteine, ATP, TPN, MgCl., 
tetrahydrofolate, and Tris buffer, as in Table II; and 33 mg. of 
protein. Other additions were: formaldehyde - C', 0.005 m, 
260,000 c.p.m.; formaldehyde, 0.005 m; thiomethyladenosine- 
C'H;, 0.005 m, 35,000 c.p.m.; thiomethyladenosine, 0.005 m; the 
concentration of added L-methionine was 0.005 m. 








Thio- 




















Experi- Methi- | Methi- 
aust Additions enine onlen- — 
No. added C4Hs CH. 
C.p.m. | C.p.m. 
1 Thiomethyladenosine-C'*H; _ 2,000*| 7,600 
Formaldehyde + 1, 200°! 11,800 
2 Formaldehyde-C"* | _ 5,000 | 20,400 
Thiomethyladenosine-C'H; + 14,000 | 17,200 
3 Formaldehyde-C" _ 7,200 | 7,900* 
+ 14,000 | 5,400* 
4 | Formaldehyde-C™ | 6,300 | 6,800* 
Thiomethyladenosine | + 14,000 | 4,900* 
| 
5 Thiomethyladenosine-C'*H;f + 700 | 22,700 
Formaldehyde | 
| 
6 Formaldehyde-C"t | + 300 | 500 
Thiomethyladenosine 





* The identity of the labeled material is uncertain. 
t Boiled controls. 
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TaBLe IX 
Evidence that adenosylhomocysteine does not replace ATP 
requirement for methionine synthesis 
Each tube contained: formaldehyde-C', tetrahydrofolate, 
TPN, MgCl., and Tris buffer, as in Table II; and 30 mg. of pro- 
tein. Other additions were: pL-homocysteine, 0.005 m; adenosyl- 
homocysteine, 0.001 m; ATP, 0.005 m. 






















AdSH + METHIONINE 


Additions | Methionine-C“H; 
C.p.m. 
pL-Homocysteine 13,000 
ATP 
Adenosylhomocysteine 11,500 
ATP 
Adenosylhomocysteine 1,200 
ae 20 1 1 1 i i =e i iL 1—_— i 
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Fia. 3. Effect of the concentration of adenosyl-L-homocysteine 
(AdSH) and t-homocysteine (SH) on the conversion of formalde- 
hyde-C'* to methionine-C'H; in the absence and presence of 
L-methionine. Each tube contained formaldehyde-C", tetrahy- 
drofolate, ATP, TPN, MgClo, and Tris buffer, as in Table IT; and 
25 mg. of protein. (L-methionine, 0.005 m.) 


could not be detected in the presence of the complete methionine- 
synthesizing system containing either homocysteine (Table X, 
Experiment 1) or adenosylhomocysteine (Table XI, Experiment 
1). The adenosylmethionine-C“H; preparation did not inhibit 
the over-all conversion of formaldehyde-C"™ to methionine-C"H; 
(Tables X and XI, Experiment 2). A small pool of adenosyl- 
methionine did not affect the incorporation of formaldehyde-C™ 
into methionine-C"“H; (Tables X and XI, Experiments 3 and 4). 
These studies indicate that free adenosylmethionine is not an 
intermediate in methionine synthesis. The role played by 
adenosylhomocysteine cannot be ascertained from the studies to 
date. It is possible that it serves only as a source of homo- 
cysteine. Homocysteine and formaldehyde added to incuba- 
tion mixtures react rapidly, reversibly, and nonenzymatically 
forming 1 ,3-thiazane-4-carboxylic acid. It is conceivable that 
adenosylhomocysteine serves as a better source of homocysteine 
during the incubation than does thiazane. 

Nakao and Greenberg (4) have found that their sheep liver 
enzyme preparation formed adenosylhomocysteine from ATP 
and homocysteine and that adenosylhomocysteine (tested at a 
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single high concentration in the presence of methionine) did not 
stimulate as well as the same concentration of homocysteine. In 
their experiments, the addition of adenosylmethionine inhibited 
the conversion of formaldehyde-C'* to methionine-C“H;. The 
authors concluded from these results that adenosylmethionine, 
but not adenosylhomocysteine, might be involved in methionine 
formation. The apparent discrepancy between the present 
data and those of Nakao and Greenberg may be due to a differ- 
ence in the enzyme systems or in the purity of the adenosylmethi- 
onine. 

Interaction of ATP with Other Components of Methionine- 
Synthesizing System—The reactions of ATP in the enzyme system 
were investigated. ATP is required for methionine formation 
even in the presence of adenosylhomocysteine. In the presence 
of homocysteine, inorganic phosphate was released in amount 
equivalent to about 3 times the amount of methionine formed 





by the complete system. Formaldehyde and tetrahydrofolate 
caused a considerable inhibition: the release of inorganic phos- | 


phate was less than that of the blank. In the complete incuba- 
tion mixture described in Table II the liberation of inorganic 
phosphate was only slightly greater than that produced by homo- 
cysteine alone. Inhibition of pyrophosphatase with fluoride 
showed that most of the inorganic phosphate liberated was 
produced by a homocysteine-stimulated formation of pyrophos- 
phate. A homocysteine-stimulated P*-P*-ATP exchange reac- 
tion could also be demonstrated (Table XII). Since glutathione 


TABLE X 
Study of adenosylmethionine as possible intermediate of conversion 
of homocysteine and formaldehyde-C'* to methionine-C''H; 
Each tube contained: Lt-homocysteine, 0.005 m; ATP, TPN, 
MgClo, Tris buffer, and tetrahydrofolate, as in Table II; and 70 
mg. of protein. Other additions were: formaldehyde-C", 0.005 m, 
520,000 c.p.m.; formaldehyde, 0.005 m; adenosylmethionine-C'4H,, 








0.0005 m, 44,000 ¢.p.m.; adenosylmethionine, 0.0005 m. Total 
volume, 4 ml. Calculations based on 2-ml. volume. 
| l Nl 
E “4 | Methi- | Methi- Adenosyl- 
ment Additions | “alee | coe | — 
No. added | C¥Hs | Gun, 
Yess Wes | c.p.m. | C.p.m. 
1 Adenosylmethionine-C!*H; | 4 900 | 16,800 
Formaldehyde ; + | 800 | 15,900 
| | | 
2 Adenosylmethionine-C'“H, | —_ | 14,400 21,700 
Formaldehyde-C'!* | + | 20,700 17 ,000 
3 Formaldehyde-C'* | = | 14,400 | 1,860 
| + | 22,800 | 1,190 
| 
4 Formaldehyde-C'* — | 17,300 | 3,920 
| Adenosylmethionine | + | 20,300 | 1,300 
| | 
5 Adenosylmethionine-C"H;* | + | 800 | 17,200 
Formaldehyde | | 
| 
6 | Adenosylmethionine-C“H;* + | 800 | 17,600 
| Formaldehyde-C'* 
7 Formaldehyde-C'** + 800 85 


Adenosylmethionine 





* Boiled controls. 
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TasBLe XI 
Study of adenosylmethionine as intermediate of conversion 
of adenosylhomocysteine and formaldehyde-C"* 
to methionine-C'4H; 

Each tube contained: adenosylhomocysteine, 0.00075 m; ATP, 
TPN, MgCl2, Tris buffer, and tetrahydrofolate, as in Table II; 
and 35 mg. of protein. Other additions were: formaldehyde-C", 
0.005 m, 260,000 c.p.m.; formaldehyde, 0.005 m; adenosylmethio- 
nine-C'*Hs, 0.0005 m, 22,000 c.p.m.; adenosylmethionine, 0.0005 m. 








Experiment No. Additions Methionine-CH; 
c.p.m. 

1 Adenosy]methionine-C“H; 0 
Formaldehyde 

2 Adenosylmethionine-C*H; 16,000 
Formaldehyde-C'* 

3 Formaldehyde-C™ 12,000 

4 Formaldehyde-C"* 16,400 
Adenosylmethionine 

5 Adenosylmethionine-C'*H;* 700 
Formaldehyde 

6 Adenosylmethionine-C!*H;* 500 
Formaldehyde-C"* 

7 Formaldehyde-C'!** 0 
Adenosylmethionine 











* Boiled controls. 


TasLe XII 
Homocysteine-stimulated P*-P%? - ATP exchange 
Each tube contained: ATP, 0.008 m; MgCloe, 0.012 m; NaF, 0.12 
M; P%-P3?, 0.008 m, 29,000 c.p.m. per umole; Tris buffer, pH 7.5, 
0.16 M; protein, 30 mg. 








Addition P#2-P# incorporated into ATP 
} pmoles 
| 
a TT acalstcs @ ikke BAG A an 0.75 
pit-Homocysteine.......... 1.82 





also stimulated inorganic phosphate release,® and both gluta- 
thione and cysteine catalyzed P*-P®-ATP exchange,® nonspecific 
sulfhydryl stimulation may be involved. The P*-P#-ATP 
exchange stimulation may have involved amino acid-activating 
enzymes which have been shown to be sulfhydryl-dependent (55). 


DISCUSSION 


The present studies with a dialyzed ammonium sulfate fraction 
of pig liver extract supplemented with tetrahydrofolate, ATP, 
MgCl., TPN, and homocysteine provide direct evidence for the 
occurrence in animals of a pathway of the net conversion of 1 
carbon units to methionine methyl] groups independent of choline 
formation, Since the latter process may occur independent of 
methionine synthesis (51) there exists either more than one 
pathway of methyl group formation de novo or a common methy]l- 
ated intermediate of these processes. 
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Some information has been obtained concerning the nature of 
methionine biosynthesis. The stimulation of this process in an 
ammonium sulfate protein fraction by the substances listed above 
suggests that these compounds constitute the precursors of inter- 
mediates of the reaction. Methionine, which enhances the in- 
corporation of formaldehyde-C™ into methionine-C“H; may also 
play a direct role in methionine biosynthesis. However, an 
autocatalytic function of methionine involving the formation of 
free methyl methionine sulfonium or thiomethyladenosine is 
improbable. The participation of other substances in catalytic 
roles is not excluded. 

Various possible mechanisms of methionine biosynthesis in- 
volving intermediates formed from ATP, homocysteine, methio- 
nine, and other substances have been investigated. 

The identity of the sulfur compound which serves as the 1 car- 
bon acceptor has been considered. Both homocysteine and 
adenosylhomocysteine stimulate the biosynthesis and are equal 
possibilities. Since the two compounds are interconvertible in 
liver (53) one may act by way of conversion into the other com- 
pound, but certain differences suggest also that two separate 
pathways may be involved. For example, when adenosylhomo- 
cysteine was used methionine stimulation could not be demon- 
strated. 

Of the various possible mechanisms of the conversion of form- 
aldehyde to a methyl group, those involving direct formation on 
the sulfur atom have received most attention. Cystathionine 
(2, 4) and homodjenkolic acid (4) have been studied as interme- 
diates, and it seems that neither of these compounds is involved. 
Of current interest (4) is the proposal (56) that methyl biosyn- 
thesis occurs by a process which involves combination of formal- 
dehyde, tetrahydrofolate, and homocysteine with the formation 
of an intermediate in which a methylene group, formed from 
formaldehyde, joins the sulfur of homocysteine with the nitrogen 
of tetrahydrofolate. Methyl biosynthesis is considered to be 
completed either by reduction, in which tetrahydrofolate and 
methionine are formed, or by a nonreductive cleavage in which 
dihydrofolate is generated (56). A similar mechanism has been 
proposed for thymidylic acid formation (57, 58) and is also pos- 
sible in the methylations of ethanolamine and dimethylethanol- 
amine described by Venkataraman and Greenberg (51). These 
hypotheses have not yet been supported by direct experimental 
evidence. The hypothesis of methionine formation involving 
the combination of formaldehyde tetrahydrofolate and homocys- 
teine is not inconsistent with the requirement for ATP. One or 
more of the reactants or intermediates may require activation. 
For example, the phospho-tetrahydrofolate intermediate of 10- 
formy]-tetrahydrofolate formation described by Whiteley et al. 
(59) and Jaenicke (60) may possibly be involved. It is alterna- 
tively possible that tetrahydrofolate is not active in all 1 carbon 
transformations and must be converted to the coenzyme of 
methionine biosynthesis in a reaction requiring ATP. 

The possibility that a methylated intermediate of methionine 
exists and that the compound is common to all types of methyl 
synthesis de novo is also of interest. Evidence has been pre- 
sented that free methyl methionine sulfonium, thiomethy]- 
adenosine, adenosylmethionine, and choline are not involved, but 
several interesting possibilities such as methyl-tetrahydrofolate 
and ADP-methyl remain. Methyl formation on the enzyme 
followed by activation of the methy] group and transfer to homo- 
cysteine may also occur. These and other possibilities are being 
investigated. 
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SUMMARY 


A method for the determination of methionine-C™ or -S** in 
the presence of labeled 1,3-thiazane-4-carboxylic acid has been 
developed. This procedure and the methionine determination 
of Berg have been used in the study of methionine biosynthesis 
in a 0.35 to 0.50 ammonium sulfate fraction of pig liver extract. 
Tetrahydrofolate, adenosine triphosphate, triphosphopyridine 
nucleotide, MgClz, homocysteine, and methionine stimulate the 
incorporation of formaldehyde-C" into methionine-C“H; in the 


enzyme fraction. Adenosylhomocysteine replaces homocysteine 
but does not remove the requirement for adenosine triphosphate, 
The formation of methionine has been shown to be a net reaction, 
Evidence has been presented that choline, thiomethyladenosine, 
adenosylmethionine, and free methyl methionine sulfonium are 
not intermediates in the conversion of formaldehyde and homo- 
cysteine to methionine. Adenosylhomocysteine and enzyme- 
bound methyl methionine sulfonium may be intermediates. A 
high methy] methionine sulfonium-homocysteine transmethylase 
activity has been demonstrated in the enzyme preparation. 
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Hydroxyproline Metabolism 


I, CONVERSION TO a-KETOGLUTARATE BY EXTRACTS OF PSEUDOMONAS*{ 


Evian Apamst 


From the Department of Pharmacology, New York University College of Medicine, New York, New York 


(Received for publication, April 10, 1959) 


Although t-hydroxyproline comprises an appreciable fraction 
of total animal protein (5) and is rapidly metabolized by the 
intact mammal (6) the reactions concerned both in its biosyn- 
thesis and its biodegradation are still obscure. In contrast to 
other amino acids, hydroxyproline metabolism has not been 
clarified by bacterial studies. Auxotrophic mutants have not 
been available for exploring hydroxyproline biosynthesis,! but 
its decomposition by soil bacteria is of interest both as an aspect 
of the bacterial salvage of animal carbon and nitrogen, and for 
possible insight into its degradative metabolism in animals. 

The present paper describes the inducible utilization of the 
four hydroxyproline isomers by a Pseudomonas species isolated 
from soil, and the conversion in bacterial extracts of two epimers 
to a-ketoglutarate and L-glutamate. Earlier observations (6, 7) 
have suggested t-glutamate as a relatively direct product of 
t-hydroxyproline metabolism in the intact mammal. The bac- 
terial pathway from hydroxyproline to glutamate is quite dis- 
tinct, however, from the reactions so far outlined in the utiliza- 
tion of L-hydroxyproline by mammalian enzymes (8). Thus, 
bacterial extracts consume L-hydroxyproline via an initial epim- 
erization to p-allohydroxyproline, followed by oxidation to A!- 
pyrroline-4-hydroxy-2-carboxylic acid, an isomer? of the pyrroline 
compound formed directly from ut-hydroxyproline in mammals 
(8). Subsequent reactions in these bacterial extracts are still 
obscure, but they lead to the formation of a-ketoglutarate and 
L-glutamate. 


EXPERIMENTAL 


A strain of Pseudomonas striata, isolated from soil enriched 
with t-hydroxyproline, is described more fully below. The 
following products were obtained from the sources indicated: 
Nucleotides (DPN, TPN, DPNH, TPNH) (Sigma Chemical 
Company); t-hydroxyproline, p-allohydroxyproline, and p-glu- 


* This investigation was supported by research grants from the 
National Science Foundation (G-2316) and the United States 
Public Health Service (E-2444). 

} Several preliminary reports on this work have been published 
(I+). 

{Present address, Department of Pharmacology, St. Louis 
University School of Medicine, St. Louis, Missouri. 

'Dr. B. D. Davis (private communication) has searched unsuc- 
cessfully for hydroxyproline-requiring Escherichia coli mutants. 
The hypothetical possibility of obtaining such auxotrophs seems 
slight, since hydroxyproline has not been confirmed as a natural 
constituent of E. coli or other commonly studied bacteria. 

* The bacterial oxidation of p-allohydroxyproline, however, re- 
sults in the same pyrroline compound as does oxidation by mam- 
malian p-amino acid oxidase (9). 


tamic acid (California Corporation for Biochemical Research) ; 
hog kidney p-amino acid oxidase (Worthington Biochemical 
Corporation) ; pL-glutamic acid-1-C" (Nuclear-Chicago Corpora- 
tion); uniformly labeled t-glutamic acid-C“ (Schwarz Labora- 
tories). 

The following compounds were obtained from the donors in- 
dicated: pyrrole-2-carboxylic acid from Dr. A. Meister (com- 
mercial samples with identical ultraviolet absorption spectra were 
also purchased from K and K Laboratories); A'-pyrroline- 
4-hydroxy-2-carboxylic acid from Dr. A. Radhakrishnan (this 
material, estimated to be 25 per cent pure, was synthesized 
chemically from t-hydroxyproline by an unpublished method of 
Radhakrishnan and Meister) ; 4-oxo-L-proline from Dr. A. Patchett 
(10); pt-hydroxyproline-2-C™ (6) from Dr. G. Wolf; natural y- 
hydroxyglutamic acid (isolated from Phlox decussata) from Dr. 
A. I. Virtanen (11); synthetic y-hydroxyglutamic acid from Dr. 
L. P. Bouthillier (12); p-hydroxyproline from Dr. J. P. Green- 
stein (13); other p-amino acids not already listed from Dr. B. 
D. Davis (originally prepared by Dr. J. P. Greenstein); t-hy- 
droxyproline amide and t-hydroxyprolyl-.-tyrosine from Dr. E. 
L. Smith (14). 

L-Allohydroxyproline was a sample synthesized earlier (15) 
by the method of Neuberger (16); 0-aminobenzaldehyde was 
prepared from o-nitrobenzaldehyde (17); pi-glutamic-y-semi- 
aldehyde (pL-2-aminoglutaraldehydic acid) was prepared as 
described by Vogel and Davis (18); y-hydroxyglutamic-y-semi- 
aldehyde (2-amino-4-hydroxyglutaraldehydic acid) was isolated 
after enzymatic synthesis (8). 

Hydroxyproline was assayed colorimetrically by a modifica- 
tion of the procedure of Neuman and Logan (19), or by the 
method of Troll and Cannan (20); t-glutamate was assayed with 
acetone-dried Escherichia coli cells (a stock culture was kindly 
provided by Dr. V. Najjar) containing L-glutamic decarboxylase 
(21); a-ketoglutarate was estimated by a modification of the 
method of Friedemann and Haugen (22); NH; was assayed by 
microdiffusion (23) followed by nesslerization (24); pyrrole-2- 
carboxylic acid was estimated by direct color formation with 
p-dimethylaminobenzaldehyde in acid, essentially the procedure 
described by Neuman and Logan (17) for hydroxyproline with 
omission of the preliminary alkaline oxidation step with cupric 
ions and peroxide. 

Manometric studies of cell suspensions or extracts were carried 
out in a conventional Warburg apparatus, and spectrophoto- 
metric studies with a Beckman DU spectrophotometer in cells of 
1 cm. light path. Measurements of C were made in an end 
window gas flow counter. Ascending paper chromatography was 
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carried out routinely with Whatman No. 1 paper; column chro- 
matography was used as described below. Protein was estimated 
either turbidimetrically (25) or by measurement of absorbancy 
at 280 my (26). 


RESULTS 


Isolation and Properties of Bacterial Strains 


Two strains of distinct colonial form were isolated from sam- 
ples of moist garden soil adjusted to pH 7.0 and incubated 5 days 
with t-hydroxyproline, 40 mg. per gm. of soil. Both strains 
were isolated by repeated subculture on agar plates containing 
0.2 per cent t-hydroxyproline as the only organic addition. 
Growth to dense turbidity occurred on overnight culture at 25° 
in liquid media containing any of a variety of single amino acids, 
including t-hydroxyproline, as sole source of carbon and nitro- 
gen.? One of these strains (HPr A) was used for the studies to be 
described and has been found to fit‘ the classification of P. striata 
(28). Stock cultures of HPr A were maintained at room tem- 
perature on agar slants of trypticase soy broth (Baltimore Bio- 
logical Laboratory); for most studies, large cultures were grown 
at 25° in carboys or Erlenmeyer flasks in media containing 0.15 
per cent K,HPO,, 0.05 per cent KH2PO,, and 0.02 per cent Mg- 
SO,, and were aerated through sintered glass tubes or by rapid 
shaking. Single amino acids (0.2 per cent) or glucose (0.2 per 
cent) and (NH,)2SO, (0.1 per cent) served as carbon-nitrogen 
sources. Good growth (2 to 4 gm. packed wet weight of cells 
per liter per 18 hours) was observed with heavy inocula (faint 
turbidity immediately after inoculation) in media containing 
glucose-ammonia or any one of a variety of amino acids. With 
small inocula (x$o of those giving minimal turbidity), growth on 
all substrates employed required the addition of small amounts 
of yeast extract (Difco). Growth on a variety of amino acids, 
but not on glucose, was accompanied by accumulation in the 
medium of a yellow-green pigment which resembled pyoverdin 
(29) in its acid and alkaline absorption spectra, and its insolu- 
bility in common organic solvents. 

The second enrichment isolate (HPr B), although also capable 
of good growth on t-hydroxyproline as sole organic substrate, 
was technically less satisfactory than HPr A because of its 
mucoid properties. This organism produced no pigment on 
growth. The strain was not classified. 


Whole Cell Studies 
Induction of 1-Hydroxyproline Utilization—Utilization of L- 
hydroxyproline by cells of HPr A is inducible as determined both 


* The ability to utilize L-hydroxyproline as sole organic sub- 
strate for rapid growth is not a common attribute of soil bacteria: 
in a preliminary survey of 20 strains including Arthrobacter, 
Corynebacterium, Bacterium, Cellulomonas, Nocardia, and Pseu- 
domonas, none was found capable of growth on 0.2 per cent L-hy- 
droxyproline supplemented with 0.05 per cent yeast extract 
(Difco); some of these organisms were further tested and grew 
well on other single amino acids, including t-proline. Although 
L-hydroxyproline has been reported (27) as a good precursor of 
pyocyanine in stationary cultures of two strains of Pseudomonas 
aeruginosa, one of these strains (S-64), kindly provided by Dr. Y. 
Halpern, showed only poor growth at 25° and 37° in a medium 
containing 0.2 per cent L-hydroxyproline and 0.05 per cent yeast 
extract; growth was good on L-glutamate. Several other strains 
of P. aeruginosa (provided by Dr. L. Barksdale) failed to grow 
significantly in t-hydroxyproline-yeast extract medium. 

‘I am indebted to Mr. L. Garmise of the Department of Micro- 
biology, New York University College of Medicine, for the tests 
supporting this identification. 
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Fig. 1. u-Proline (A) and u-hydroxyproline (B) as substrates 
for washed cells grown on glucose-ammonium sulfate. Cells (5 
mg. dry weight) were shaken in 2 ml. of 0.04 m pH 6.8 potassium 
phosphate; 3 wmoles of each substrate were added at zero time, 
and streptomycin was present where indicated at 1.5 X 107‘ mu. 
Curves have been corrected for the endogenous O2 consumption. 
Consistent increases in the total O2 consumed (both endogenous 
and with various substrates), as shown here with proline as sub- 
strate, were seen with streptomycin and have been noted earlier 
(30). 











ee 


from studies of whole cells and of extracts obtained by sonic 
lysis. After growth on substrates other than L-hydroxyproline 
(including glucose, t-glutamate, or L-proline), washed cells con- 
sumed O, at a maximal rate only after a lag of approximately 60 
minutes from the addition of t-hydroxyproline (Fig. 1). Strepto- 
mycin, a known inhibitor of induced enzyme formation (31), pre- 
vented utilization of hydroxyproline by cells grown on other 
substrates (Fig. 1). Growth on t-hydroxyproline, however, con- 
ditioned cells to the immediate utilization of L-hydroxyproline 
(Fig. 2) without inhibition by streptomycin. Utilization of hy- 
droxyproline by centrifuged sonic extracts (made as described 
below) was observed only after preliminary’ growth on this 
substrate. 

t-Proline Utilization—Utilization of proline appeared to be 
constitutive, addition of L-proline to cells grown on various sub- 
strates leading to an immediately established rate of O2 consump- 
tion not greatly altered by streptomycin (Fig. 1). Furthermore, 
the rate of proline oxidation in sonic extracts (reduction of DPN 
by L-proline) was quantitatively uninfluenced by the growth 
substrate. The independence of proline and hydroxyproline 
utilization, expressed by studies both of cell suspensions and 


5 In experiments performed with HPr A, Radhakrishnan and 
Meister (9) reported that broken cell preparations harvested from 
a hydroxyproline-free medium (Davis’ Medium A (32)) were ca- 
pable of utilizing L-hydroxyproline or p-allohydroxyproline for the 
formation of pyrrole-2-carboxylate. The present author has ob- 
served no exceptions to the repeated observation that centrifuged 
cell extracts are incapable of consuming any isomer of hydroxy- 
proline, unless the preliminary growth medium contained hy- 
droxyproline. Further observations have also shown that un- 
centrifuged sonic extracts of cells grown in noninducing media may 
contain sufficient numbers of viable cells to permit subsequent 
growth and induced utilization of added hydroxyproline during an 
incubation period of several hours. However, the broken cell 
preparations of HPr A used by Radhakrishnan and Meister were 
observed by them not to increase in turbidity over a 4-hour incu- 
bation period, so that proliferation of remaining viable cells in 
the presence of hydroxyproline would not appear likely in their 
case. It appears more likely that a sizeable fraction of the cells 
used in their studies may have been already induced, since growth 
in Medium A followed the introduction of a relatively large inocu- 
lum from a hydroxyproline-grown culture (private communication 
from Dr. A. Meister). 
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sonic extracts, made it clear that proline oxidation does not pro- 
ceed via hydroxyproline. 

Utilization of Hydroxyproline Isomers—After growth on L- 
hydroxyproline, washed cells rapidly utilized either L-hydroxy- 
proline or D-allohydroxyproline. These two diastereomers share 
the L-configuration at the hydroxyl carbon (carbon 4), but differ 
in their configuration at carbon 2 (Fig. 3). The mutual inducer 
role of these two epimers is shown in Fig. 4. 

The remaining two isomers, L-allohydroxyproline and p-hy- 
droxyproline, although oxidized by cells induced with L-hydroxy- 
proline or D-allohydroxyproline, had no inducer capacity them- 
selves. The specificities of the isomers with respect to inducer 
activity, and their utilization by whole cells and by extracts are 
summarized in Table I. 

Glutamate Utilization by Hydroxyproline-induced Cells—As de- 
scribed below, initial experiments with sonic extracts of HPr A 
indicated L-glutamate as an enzymatic product of L-hydroxy- 
proline or D-allohydroxyproline. It was therefore anticipated 
that whole cells, grown on hydroxyproline, should utilize L- 
glutamate without lag. Instead, it was repeatedly observed 
that only preliminary growth on t-glutamate itself led to im- 
mediate O2 consumption on the addition of t-glutamate to 
washed cells. After growth on all other substrates tested (glu- 
cose, a-ketoglutarate, hydroxyproline, L-proline, or L-histidine), 
washed cells oxidized glutamate only after a definite lag as shown 
in comparing the control curves (no streptomycin) of Fig. 5. 
That the lag in glutamate utilization by cells not previously 
exposed to it represents formation of new protein was suggested 
by the effect of streptomycin, which abolished glutamate utiliza- 
tion in cells grown on hydroxyproline but not in cells grown on 
glutamate. 

Influence of Borate—Studies with sonic extracts (see below) 
indicated that the addition of borate favored the accumulation 
of glutamate from hydroxyproline by inhibiting further gluta- 
mate utilization; for the same purpose, sodium tetraborate was 
therefore added to cell suspensions which utilized hydroxypro- 
line. Ata borate concentration of 0.1 M, glutamate accumulated 
to one-third the quantity of hydroxyproline (3 umoles) consumed. 

An unexpected additional property of borate was that of in- 
hibiting induced substrate utilization. Thus 0.02 m borate pre- 
vented oxidation either of hydroxyproline or glutamate by cells 
grown on other substrates, but had little effect on the oxidative 
rate after growth on the same substrate. The induction-inhibit- 
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Fic. 2. t-Hydroxyproline as substrate for cells grown on L-hy- 
droxyproline. 


Conditions as for Fig. 1. 
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Fic. 3. Stereoisomers of hydroxyproline (33) 
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Fic. 4. Induced utilization of either L-hydroxyproline or p-allo- 
hydroxyproline by exposure to the other epimer. Warburg flasks 
contained 2 ml. of 0.04 m pH 6.8 potassium phosphate and approxi- 
mately 5 mg. dry weight of washed cells grown in glucose-ammo- 
nium sulfate. At zero time, flask (A) received 2 umoles of L-hy- 
droxyproline and flask (B) 2 wmoles of p-allohydroxyproline. 
After induction, at the times shown, 2 umoles of p-allohydroxy- 


proline and L-hydroxyproline were added respectively to (A) and 
(B). 


TaBLe I 


Utilization of hydroryproline isomers by whole cells 
and sonic extracts 
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Growth on giucose-NH;3 | Growth on 


L-hydroxyproline 




















Substrate 
ae Utilization | Utilization | Utilization 

Utilization by | *,, : H 

y sonic by whole by sonic 

whole cells extracts cells extracts 

L-Hydroxyproline......| after lag none no lag | active 

p-Allohydroxyproline..| after lag none no lag | active 
L-Allohydroxyproline*.| none none no lag | none 
p-Hydroxyproline*. none none no lag | none 





* Exposure to these epimers does not induce cells to utilize 
any of the four hydroxyproline isomers. 
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Fig. 5. u-Glutamate as substrate for washed cells grown on 
L-glutamate (A) or L-hydroxyproline (B). Details as described 
under Fig. 1, except that cells, buffer, and streptomycin were 
shaken for about 1 hour before the addition of substrate. 


ing effect of borate has received little if any recent attention; 
other observations suggesting this role were made in early stud- 
ies of adaptive galactose fermentation by yeasts (34). These 
observations with borate further supported the suggestion that 
glutamate utilization was not induced by growth on hydroxy- 
proline. 


Cell-free Preparations 


Bacterial extracts were prepared from cells of HPr A by sonic 
lysis of washed cells (Raytheon, 9 kc., 30 minutes at 0°) in 5 
volumes of water. Sonic extracts were centrifuged at 25,000 x g 
for 30 to 45 minutes; the opalescent yellow supernatant fluid was 
the source of enzyme except. where noted. Such supernatant 
fluids consumed t-hydroxyproline or p-allohydroxyproline at 
equal rates; the remaining two epimers, t-allohydroxyproline and 
p-hydroxyproline, although oxidized by intact cells (Table I), 
were not consumed in such extracts. Broken cell preparations, 
uncentrifuged sonic extracts, or the centrifuged solids were also 
incapable of utilizing these two epimers possessing the D-con- 
figuration at carbon 4. 

O2 Requirement—Anaerobic conditions prevented the net disap- 
pearance of hydroxyproline in extracts. That O2 was limiting 
even in air was suggested by consistent failure to observe a 
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Fig. 6. Effect of O2 on rate of hydroxyproline consumption. 
Incubation mixtures contained 10 mg. protein (centrifuged sonic 
extract), 30 wmoles of L-hydroxyproline and 150 wmoles of potas- 
sium phosphate (pH 7.5) in a total volume of 3 ml. Incubation 


at 25° for 2 hours in stoppered 25-mm. diameter tubes: (A) Tubes 
initially flushed with O2, stoppered and shaken continuously. 
(B) Air atmosphere, no shaking. 
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TaBLeE II 
Stoichiometry of hydroxyproline utilization 

The incubation mixtures initially contained per ml.: 2 mg. of 
protein (centrifuged sonic extract), 10 umoles of L-hydroxyproline 
or L-glutamate, 100 umoles of tris(hydroxymethy])aminomethane, 
pH 8.0, and other additions as noted, in a final volume of 5.0 ml, 
Beakers were shaken for 2 hours at 25° and 1 atmosphere O:» and 
the reaction was stopped by adding 0.1 volume of 5 nN HCl. 








A-L- 4-L- A-a- 
Substrate Addition Hydroxy-| Glutamic| Keto- | Recovery* 
proline Aci glutarate 
pmoles/ml.| wmoles/ml.\ wmoles/ml. % 
Lt-Hydroxy- | None —7.4 | +4.4 0 59 
proline 
Tetraborate —7.8 | +4.8 | +1.7 83 
(0.05 m) 
Arsenite —6.2 | +3.9 | +1.8 92 
(0.05 m) 
Ethylenedi- —6.4 | +4.2 | +1.9 95 
aminetetra- 
acetate 
(0.01 m) 
t-Glutamate | None —4.6 | +0.4 
Tetraborate —0.1 0 
(0.05 m) 
Arsenite +0.1 +0.3 
(0.05 m) 
Ethylenedi- +0.1 +0.3 
aminetetra- 
acetate 
(0.01 m) 




















, (L-Glutamate + a-ketoglutarate) formed 
L-Hydroxyproline used 





linear relation between the quantity of enzyme added and the 
rate of hydroxyproline consumption except under conditions for 
good aeration in 100 per cent O, (Fig. 6). After this observation 
was made, enzyme incubations were routinely carried out at 
small volume (2 to 5 ml.) in 20-ml. beakers shaken at 1 atmos- 
phere pressure of O, in a Dubnoff-type incubator. Under these 
conditions, the optimal pH range for hydroxyproline utilization 
by the unfractionated sonic extract was 7.5 to 8.0; at an initial 
concentration of 0.01 m hydroxyproline, the rate of hydroxy- 
proline consumption averaged about 1 umole per mg. of protein 
per hour. 

Glutamate Formation—In extracts, the major enzymatic prod- 
uct of both t-hydroxyproline and p-allohydroxyproline was I- 
glutamate, identified by paper chromatography, enzymatic de- 
carboxylation,® and isolation (see below). Both hydroxyproline 
epimers were found repeatedly to yield equal quantities of I- 
glutamate. Initially, recovery of L-glutamate from hydroxy- 
proline was incomplete due to the further utilization of glutamate 
(Table II). Fractionation was unsuccessful in selectively re- 
moving enzymes which prevented glutamate accumulation; 
several inhibitors, however, selectively prevented glutamate 
utilization and led to almost complete recovery of the hydroxy- 


6 Initially L-glutamate was measured by decarboxylation with 
acetone dried Clostridium welchii cells (35) kindly furnished by 
Dr. H. Tabor; for later routine assays, acetone dried E. coli cells 
(21) were used. 
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proline consumed as glutamate or a-ketoglutarate’ (Table II). 
The nature of these inhibitors suggested that the crucial reactions 
inhibited were those of a-ketoglutarate oxidation: the actions of 
arsenite (38) and metal binders (39) on a-keto acid oxidation 
have been well documented. The role of borate is not as clear 
but may, hypothetically, involve formation of an inhibitory 
a-keto acid complex. 


Isolation of 1-Glutamate 


Although t-hydroxyproline and p-allohydroxyproline seemed 
equally efficient sources of L-glutamate as assayed by enzymatic 
decarboxylation, the possible formation of optically impure gluta- 
mate was considered, and partly for this reason the isolation of 
glutamate was undertaken from the products of reaction of both 
t-hydroxyproline and p-allohydroxyproline. 

From t-Hydroxyproline—u-Hydroxyproline, 4.8 mmoles, was 
incubated for 15 hours at 25° with 720 mg. of sonic extract pro- 
tein in a final volume of 90 ml. of 0.05 m potassium phosphate at 
pH 7.0;§ the reaction was stopped by adding acetic acid to 0.5 
n and the precipitated protein removed by centrifugation: 1.2 
mmoles of hydroxyproline were consumed and 0.5 mmole of 
L-glutamate was formed. Glutamate was isolated by adsorption 
on Dowex l-acetate (5 X 35-cm. column, 8x, 100 to 200 mesh) 
and elution with 0.5 Nn acetic acid (40). Glutamic acid appeared 
between 1300 and 1800 ml. The dried glutamate (53 mg.) 
was further purified by adsorption on Dowex 50-H*+ (1 x 26-cm. 
column, 8x, 100 to 200 mesh) and elution with 1 n HCl. Gluta- 
mate, appearing between 50 and 94 ml., was dried in a vacuum 
yielding 50 mg. or 54 per cent of that formed. After recrystal- 
lization from acetone-water, crystals of the hydrochloride melted 
at 200-202° (authentic L-glutamic hydrochloride, 202-206°; 
mixed m.p. 204-210°) and gave a specific rotation of +30.2° in 
5 N HCl (authentic t-glutamic hydrochloride, +31.9°). Paper 
chromatography in three solvents (phenol-water-acetic acid, 
40:10:1; n-propanol-0.2 n NH, 3:1; tert-butanol-formic acid- 
water, 14:3:3) gave spots consistent with glutamic acid. En- 
zymatic decarboxylation gave a quantitative yield of CO, (30.8 
umoles per ml. as compared with 29.4 wmoles per ml. by quanti- 
tative ninhydrin (20)). Paper chromatography of the decar- 
boxylation product in the three solvents listed above showed a 
spot consistent with y-aminobutyric acid. 

From p-Allohydroxyproline—Formation of glutamate from p- 
allohydroxyproline was carried out under conditions permitting 
more rapid utilization of the substrate (oxygen atmosphere) and 
greater accumulation of the product (presence of tetraborate). 
p-Allohydroxyproline (1.2 mmoles) was incubated in 0.05 m 
potassium phosphate (pH 7.0) at 25° and 1 atmosphere of O2 
with 10 mg. per ml. of protein (sonic extract) and sodium tetra- 
borate at 0.017 M, in a final volume of 60 ml. After 4 hours, the 
reaction was stopped by adding acetic acid to 0.5 nN. During 
incubation, 1.07 mmoles of hydroxyproline were consumed with 
the formation of 0.79 mmole of t-glutamate. Chromatography 
of the supernatant solution through Dowex 1 and Dowex 50 
was carried out as described above. 


7 Since enzymatically formed a-ketoglutarate was estimated by 
a nonspecific method (20), it was qualitatively identified (as the 
2,4-dinitrophenylhydrazone) by paper chromatography in two 
solvents: 77 per cent ethanol (36) and n-butanol-ammonia (37). 

* The conditions for hydroxyproline utilization were not opti- 
mal, the pH- and O2-dependence having not yet been established. 
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Dowex 50 eluates containing glutamate (45 to 100 ml.) were 
pooled and taken to dryness, yielding 50 mg. of glutamic acid 
hydrochloride (34 per cent of that formed). After recrystalliza- 
tion from acetone-water, 35 mg. of crystals were obtained which 
melted at 199-202° and gave a specific rotation of +31.3° in 5 
N HCl. Paper chromatography and enzymatic decarboxylation 
done as described above further supported the conclusion that 
this product was also L-glutamic acid, optically pure within the 
error of the methods used. 


Epimerization of Hydroxyproline 


The equally efficient formation of a-ketoglutarate and L- 
glutamate from either L-hydroxyproline or p-allohydroxyproline 
suggested a possible initial racemization of the a-carbon of hy- 
droxyproline. Isolation of residual hydroxyproline by Dowex 50 
chromatography from large scale incubation mixtures indicated 
extensive formation of p-allohydroxyproline from L-hydroxypro- 
line and vice versa; in these initial studies, semiquantitative 
estimates of each epimer were made by chromatographic separa- 
tion of the two epimeric Cu salts (41). 

Hydroxyproline-2-epimerase—Further investigation of super- 
natant solutions from sonic extracts revealed an active epimerase® 
for carbon 2 of hydroxyproline. This enzyme, which has been 
purified about 50-fold by isoelectric precipitation and adsorption- 
elution on calcium phosphate gel, was specific for hydroxyproline 
among a number of amino acids tested, including proline.’® 
The enzyme is inducible, appearing in cell extracts after growth 
in the presence of t-hydroxyproline or p-allohydroxyproline. 
The effective inducer concentration may be as low as 1 to 2 ug. 
per ml. Preliminary experiments suggested that carbon 2 is 
epimerized independently of the configuration of the hydroxy] 
carbon, so that p-hydroxyproline and L-allohydroxyproline are 
also enzymatically interconvertible. As will be further described 
below, hydroxyproline-2-epimerase is entirely soluble after high 
speed centrifugation and is inhibited by low concentrations 
of several sulfhydryl] reagents. 

The rate of epimerization of hydroxyproline in sonic extracts 
was considerably faster than the net utilization rate and was 
therefore adequate to explain the equally efficient formation of 
dicarboxylic acids from either epimer. It was not clear, however, 
whether t-hydroxyproline or p-allohydroxyproline was the more 
immediate precursor of L-glutamate. Although chemical frac- 
tionation did not succeed in selectively eliminating epimerase 
activity from such extracts, ultracentrifugation yielded a par- 
ticulate oxidase fraction, free from epimerase, which proved 
specific for p-allohydroxyproline. This, together with other evi- 
dence presented below, pointed to p-allohydroxyproline as the 
more immediate precursor of L-glutamate. 


p-Allohydroxyproline Oxidase 


Supernatant fluids of sonic extracts obtained by centrifugation 
for 30 minutes at 25,000 x g were further centrifuged for 2 to 4 


® The properties of the enzyme summarized here are based on 
unpublished studies by E. Adams, F. Leitner, and H. Roth; a 
more complete report will be published separately. Epimerase 
activity was assayed by the rate of formation of p-allohydroxy- 
proline from t-hydroxyproline, the p-epimer being measured 
colorimetrically as pyrrole-2-carboxylate after oxidation with 
kidney p-amino acid oxidase. 

10 A bacterial proline racemase recently described (42) does not 
act on hydroxyproline. 
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TaB_e III 


Chromatographic identification of pyrrole-2-carbozylate 
formed from p-allohydrozyproline 


Ultracentrifugal pellet (equivalent to 1 ml. of original sonic 
extract) was incubated for 19 hours at 25° and pH 7.5 with 20 
uwmoles of L-hydroxyproline or p-allohydroxyproline. The reac- 
tion was stopped with 0.5 n HCl, and aliquots were chromato- 
graphed. wt-Hydroxyproline appeared stable with the formation 
of no new spots; p-allohydroxyproline was approximately 50 per 
cent consumed, with the appearance of a single new spot, which 
absorbed ultraviolet light and was made visible by spraying with 
p-dimethylaminobenzaldehyde (43). Solvent A: 77 per cent 
ethanol; Solvent B: n-propanol-0.2 n ammonia (3:1); Solvent C: 
methanol-pyridine-water (20:1:5). 
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Fig. 7. Spectral identification of pyrrole-2-carboxylate as a 
product of p-allohydroxyproline oxidation by the ultracentrifugal 
pellet. The incubation mixtures used were those described in 
Table III. Curve A represents the difference spectrum obtained 
by reading a final time against a zero time aliquot from the p-allo- 
hydroxyproline incubation mixture. Curve B is the same, except 
that the incubation mixture with L-hydroxyproline as substrate 
was used. The middle curve is that of authentic pyrrole-2-car- 
boxylate. The spectra were obtained with aliquots adjusted to 
pH 7.5. The pyrrole-2-carboxylate formed was estimated at 5 
umoles per ml. of the original incubation mixture, approximately 
equal to the estimated disappearance of p-allohydroxyproline. 


hours at 144,000 x g in a Spinco preparative ultracentrifuge. 
The colorless supernatant fluid contained all the epimerase ac- 
tivity of the original extract; the brown gelatinous pellet, washed 
by recentrifugation and homogenized in the original volume of 
cold water, contained no detectable epimerase activity." 

Incubation of t-hydroxyproline with either the ultracentrifugal 
supernatant solution or the pellet resulted in no disappearance of 
the substrate; the two fractions recombined were capable of 
converting t-hydroxyproline to L-glutamate and a-ketoglutarate 
at a rate comparable with that before ultracentrifugation. 


The ultracentrifugal pellet must be washed by at least one 
further centrifugation to remove traces of epimerase. 
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Incubation of the supernatant solution with p-allohydroxy- 
proline, as with L-hydroxyproline, resulted in no net utilization 
of the substrate. However, when p-allohydroxyproline was in- 
cubated with the washed ultracentrifugal pellet, the substrate 
was extensively consumed with the formation of a compound 
identified as pyrrole-2-carboxylic acid. This compound was 
identified by paper chromatography in three solvents (Table 
III), and by its characteristic ultraviolet absorption spectrum 
(9) (Fig. 7). Assays were based either on absorbancy measure- 
ments at 255 muy, or direct color formation with p-dimethylamino- 
benzaldehyde in acid. The quantity formed was roughly equal 
to the hydroxyproline consumed, as estimated from paper 
chromatograms.” 

Recent studies (9) have identified pyrrole-2-carboxylic acid as 
a nonenzymatic product of A!-pyrroline-4-hydroxy-2-carboxylic 
acid, itself the direct oxidation product of the p-epimers of hy- 
droxyproline by kidney p-amino acid oxidase. It seemed likely 
that pyrrole carboxylate, detected after incubating p-allohy- 
droxyproline with the ultracentrifugal pellet of bacterial sonic 
extracts, is also a secondary product of the same pyrroline com- 
pound. This was confirmed by several types of observation. 

Formation of A'- Pyrroline - 4 - hydroxy - 2 -carboxylate— After 2 
hour incubation of p-allohydroxyproline with the washed ultra- 
centrifugal pellet, an aliquot was diluted with 2 volumes of 
absolute ethanol (to minimize the acid-catalyzed formation of 
pyrrole-2-carboxylate) and examined both spectrophotometri- 
cally and chromatographically. Although the major chromato- 
graphically identified product was pyrrole-2-carboxylate, a 
smaller second spot with the approximate Ry of A'-pyrroline-4- 
hydroxy-2-carboxylate (9) could also be seen after spraying the 
paper with Ehrlich’s reagent (43). 

Incubation of the ethanol-treated aliquots in 0.1 N HCl for 45 
minutes led to a 20 per cent increase in the absorption spectrum 
of pyrrole-2-carboxylate, consistent with the conversion of a 
small quantity of the pyrroline compound to the pyrrole. In 
separate incubations of p-allohydroxyproline with the ultra- 
centrifugal pellet, the presence of o-aminobenzaldehyde in the 
incubation mixture resulted in a deep yellow-orange color, and 
prevented the formation of pyrrole-2-carboxylate, consistent with 
the expected trapping of the pyrroline product as the dihydro- 
quinazolinium compound (44, 18). 

Enzymatic Conversion of A'-Pyrroline-4-hydroxy-2-carboxylate 
to Glutamate—As a postulated intermediate in the conversion of 
hydroxyproline to glutamate, the pyrroline compound should 
serve as a glutamate precursor both in the initial sonic extract 
and in the ultracentrifugal supernatant solution, which pre- 
sumably contains all enzymes concerned in glutamate formation 
except p-allohydroxyproline oxidase. This logical requirement 
was tested by incubating A'-pyrroline-4-hydroxy-2-carboxylate® 
with various enzyme fractions. In one such incubation, an 
estimated 20 uwmoles were incubated with sonic extract for 2 
hours at 25°, pH 7.0, and 1 atmosphere of O2. At zero and final 
time, aliquots were heated 2 minutes at 100° and chromato- 
graphed. Glutamate was identified chromatographically as a 
reaction product of the pyrroline compound, but at a significantly 


12 The Neuman-Logan method for hydroxyproline would also 
measure pyrrole-2-carboxylate. 

18 This sample, kindly provided by Drs. Radhakrishnan and 
Meister, was about 25 per cent pure, containing BaCO; as a major 
impurity, but was free from hydroxyproline. It had been ob- 
tained by chemical synthesis from L-hydroxyproline (9). 
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lower yield than glutamate obtained (in parallel incubations) 
from the same concentration of hydroxyproline. Combined in- 
cubations of the pyrroline compound with hydroxyproline also 
resulted in a somewhat reduced yield of glutamate, suggesting 
inhibition by some component of the impure substrate. A major 
factor determining the reduced yield of glutamate from the 
pyrroline compound alone, however, appeared to be its marked 
instability in bacterial preparations and its consequent rapid 
conversion to pyrrole-2-carboxylate. Thus, all aliquots of such 
incubation mixtures, even at zero time and whether the reaction 
was stopped by heating or by ethanol addition, showed extensive 
formation of pyrrole-2-carboxylate; indeed, simply cochroma- 
tographing the pyrroline compound with an aliquot of boiled 
enzyme resulted in partial conversion to the pyrrole. Similar 
incubations with the ultracentrifugal supernatant led to similar 
results: there was clear chromatographic evidence of glutamate 
formation from A!-pyrroline-4-hydroxy-2-carboxylate, but at 
substoichiometric levels. The poor quantitative recovery of 
glutamate from the added pyrroline compound, compared to its 
good yield from hydroxyproline, can best be explained by the 
apparent rapid dehydration of the added pyrroline substrate to 
pyrrole-2-carboxylate, catalyzed by an unidentified, probably 
nonenzymatic component of the bacterial preparations. 

Replacement of Ultracentrifugal Pellet with p-Amino Acid Ozi- 
dase—Since pv-allohydroxyproline yields A!-pyrroline-4-hydroxy- 
2-carboxylate on oxidation by kidney p-amino acid oxidase (9), 
the animal oxidase could be expected to replace bacterial p- 
allohydroxyproline oxidase in the formation of glutamate. Ac- 
cordingly, the ultracentrifugal supernatant solution of bacterial 
sonic extracts was combined with kidney p-amino acid oxidase 
and incubated with either t-hydroxyproline or p-allohydroxy- 
proline. As expected, each substrate was extensively consumed 
in such combined incubation mixtures, yielding approximately 
stoichiometric quantities of glutamate and a-ketoglutarate. 
Neither the ultracentrifugal supernatant solution alone nor the 
animal oxidase alone was capable of forming glutamate from 
either hydroxyproline epimer. p-Allohydroxyproline incubated 
with D-amino acid oxidase, as reported by Radhakrishnan and 
Meister (9), gave rise to considerable pyrrole carboxylate, as 
detected in acid-treated aliquots of the incubation mixtures. 
It was of interest that no pyrrole-2-carboxylate, or only traces, 
accumulated in incubations when the ultracentrifugal super- 
natant solution was added to kidney D-amino acid oxidase, con- 
sistent with the interpretation that further enzymatic utilization 
of the pyrroline product of p-amino acid oxidase prevents its 
accumulation and conversion to pyyrole-2-carboxylate. That 
the oxidase step may limit the over-all reaction rate was sug- 
gested by the observation that substituting animal p-amino 
acid oxidase for the bacterial oxidase resulted in more rapid 
conversion of hydroxyproline to glutamate than did the recom- 
bined bacterial components. 

The above observations concerning the separation and cata- 
lytic action of the two ultracentrifugal fractions of bacterial sonic 
extracts indicated an over-all distribution of activities as follows: 





epimerase 
L-Hydroxyproline —————  p-allohydroxyproline 
(soluble) 
. oxidase 
v-Allohydroxyproline 
(particulate) 


A'-pyrroline-4-hydroxy-2-carboxylate 
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A'-Pyrroline-4-hydroxy-2-carboxylate ———————> 
(soluble) 


a-ketoglutarate + L-glutamate 


Properties of v-Allohydroxyproline Oxidase—The ultracentrif- 
ugal particulate fraction which catalyzes the conversion of pD- 
allohydroxyproline to the pyrroline compound was not studied 
in detail, nor were systematic attempts made to extract or purify 
the oxidase. Certain distinctions from animal p-amino acid 
oxidase are worth noting, however, since the latter is the only 
other enzyme known to catalyze the oxidation of a p-hydroxy- 
proline epimer. Unlike animal p-amino acid oxidase, which 
catalyzes the oxidation of many D-amino acids, the bacterial 
oxidase is quite specific for p-allohydroxyproline. Other p-amino 
acids tested in sonic extracts and including p-proline, p-serine, 
and p-alanine, were not oxidized; nor is p-hydroxyproline, as 
already noted, utilized by these extracts. When tested more 
directly with the residue obtained after ultracentrifugation, 
p-hydroxyproline yielded only a trace of pyrrole-2-carboxylate, 
and failed to form a pyrroline compound in quantities detectable 
by complex formation with o-aminobenzaldehyde. 

A further distinction from animal p-amino acid oxidase (45) 
is the insensitivity of the bacterial oxidase to sulfhydryl inhibi- 
tors, as described in more detail below. 

Like the epimerase, the bacterial oxidase is an inducible en- 
zyme; only cells grown on hydroxyproline provided preparations 
significantly active in oxidizing p-allohydroxyproline. It was 
notable, however, that extracts obtained after growth on L- 
glutamate (but not glucose) gave rise to barely detectable quan- 
tities of pyrrole carboxylate (less than 0.1 umole per ml.) on 
several hours of incubation with 10 umoles per ml. of p-allo- 
hydroxyproline. Traces of the oxidase may therefore be present 
in cells grown on substrates other than hydroxyproline. 

The oxidase is the least stable enzymatic component concerned 
in the over-all conversion of t-hydroxyproline to dicarboxylic 
acids. Sonic extracts stored for 6 months or more at —10° 
were inactive in the net utilization of either t-hydroxyproline or 
p-allohydroxyproline, but formed considerable glutamate from 
L-hydroxyproline on addition of freshly-prepared bacterial p- 
allohydroxyproline oxidase, or of animal p-amino acid oxidase. 
Furthermore, overnight dialysis against distilled water or over- 
night storage at 5° inactivated the oxidase activity of the ultra- 
centrifugal pellet, but left active all soluble components of the 
system which forms L-glutamate, as determined by recombination 
incubations in which the criterion of activity was glutamate 
formation from t-hydroxyproline. 


Inhibitors 

As already noted, commonly used protein fractionation meth- 
ods were not successful in delineating individual reaction steps. 
p-Allohydroxyproline oxidase was consistently lost after treat- 
ment with organic solvents, ammonium sulfate or sodium sulfate. 
Selective inhibitors were therefore of particular value in clarifying 
aspects of the reaction sequence from t-hydroxyproline. 

The use of arsenite, ethylenediaminetetraacetate, or borate to 
permit accumulation of a-ketoglutarate and glutamate has al- 
ready been described. Semicarbazide was also found to prevent 
the disappearance of added glutamate, perhaps through semi- 
carbazone formation with a-ketoglutarate. At concentrations 
up to 0.1 M, semicarbazide did not reduce the rate of hydroxy- 
proline utilization, but did prevent glutamate formation. Al- 
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though the site of semicarbazide inhibition has not been defined, 
it might conceivably act by compound formation with the 
straight-chain carbonyl form of the pyrroline intermediate 
(a-keto-y-hydroxy-6-aminovalerate) or with a-ketoglutarate. 
Of interest was the observation that even high concentrations of 
semicarbazide failed to inhibit hydroxyproline-2-epimerase; the 
semicarbazide inhibition of at least one other amino acid race- 
mase, presumably through pyridoxal binding, has been reported 
(46). 

In contrast to the inactivity of semicarbazide in preventing net 
hydroxyproline utilization, other carbonyl reagents, 0.04 m 
NaHSO; and 0.05 m NH.OH, prevented the utilization of both 
p-allohydroxyproline and t-hydroxyproline. These inhibitors 
appeared to act at the oxidase step, since they prevented accumu- 
lation of pyrrole-2-carboxylate. KCN (0.05 m) had no inhibiting 
action on any component of the over-all reaction chain: both 
L-hydroxyproline and p-allohydroxyproline were consumed at 
the control rate, with the formation of the expected quantity of 
glutamate. 

The inhibitory action on animal p-amino acid oxidase of 
certain aromatic acids (47), and of quinine (48) prompted their 
trial with the bacterial oxidase. Benzoic and o0-toluic acids were 
inactive as inhibitors at concentrations up to 0.01 M; quinine 
at 0.001 m resulted in 50 per cent inhibition of t-hydroxyproline 
utilization by centrifuged sonic extracts. Although the test 
system was not a direct one for p-allohydroxyproline oxidase 
specifically, analogy supports the likelihood that inhibition by 
quinine occurs at the oxidase step. The failure of inhibition by 


TaBLe IV 
Selective inhibition of hydroxyproline-2-epimerase 
by sulfhydryl reagents 

All incubations were carried out at a final volume of 2.0 ml. in 
20-ml. beakers shaken 2 hours at 25° and 1 atmosphere O2. Ini- 
tial components per ml.: hydroxyproline, 10 wmoles; tris(hydroxy- 
methyl)aminomethane, pH 8.0, 50 umoles; supernatant fluid from 
sonic extract, 12 mg. of protein; neutralized inhibitors at the 
final concentrations shown. Aliquots of the reaction mixture 
were diluted in ethanol (for determination of pyrrole-2-carboxyl- 
ate) or adjusted to 0.5 n HCl (for hydroxyproline, glutamate, or 
a-ketoglutarate determination). Results were checked qualita- 
tively by paper chromatography. 























4- 4- 4-a- 
om : Pyrrole- -Glu- 
Inhibitor Substrate added en ~¥ ye Fa ie 
umoles/ | wmoles/ | wmoles/ | umoles/ 
ml. ml. ml. mil. 
p-Chloromer- L-hydroxypro- 0 0 0 0 
curibenzoate, line 
5 X 10-*m p-allohydroxy- | —6.0 | +5.3 0 0 
proline | 
N-Ethylmale- L-hydroxypro- | +0.1 0 0 0 
imide, 5 X 10-‘| line 
M p-allohydroxy- | —5.4 | +0.5 | +0.7 0 
proline 
| 
Iodoacetate, 10-*| u-hydroxypro- | —0.6| 0 +0.3 | trace* 
M line | 
p-allohydroxy- | —9.2 0 +1.3 | +7.1 
proline 





* Seen on chromatograms but insufficient for assay. 
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aromatic acids, and the demonstrated inhibition by quinine 
conform with the interpretation of the mechanism of these in- 
hibitors (49): thus the substrate for the bacterial oxidase is not 
typical of the aliphatic amino acids, whereas the action of quinine 
suggests that the bacterial oxidase is also a flavin enzyme. 

Selective Inhibition of Hydroxyproline-2-epimerase—The most 
useful group of inhibitors for discriminating among individual] 
steps in the sequence were the sulfhydryl reagents, p-chloro- 
mercuribenzoate, n-ethylmaleimide, and iodoacetate. All of 
these compounds were efficient inhibitors of the epimerase, de- 
tected both by a differential effect on the net utilization of L- 
hydroxyproline and of p-allohydroxyproline, and by direct test in 
an assay of the epimerase. Each of the three compounds had 
qualitatively different actions, based on a differing pattern of 
inhibition at other steps beyond the epimerase. Thus 10-? y 
p-chloromercuribenzoate prevented the disappearance of L- 
hydroxyproline, but permitted the complete disappearance of 
p-allohydroxyproline: utilization of A'-pyrroline-4-hydroxy-2- 
carboxylate was apparently also blocked, since pyrrole-2-car- 
boxylate accumulated at a level approximately equivalent to the 
hydroxyproline consumed. At 5 X 10-4 M, p-chloromercuriben- 
zoate was still capable of blocking the utilization of the pyrroline 
compound as detected by accumulation of pyrrole-2-carboxylate. 
N-Ethylmaleimide showed a different pattern of action, blocking 
additionally at a step at least one remove beyond the oxidase, 
since in its presence, D-allohydroxyproline yielded only small 
quantities of pyrrole-2-carboxylate. Iodoacetate proved to be 
the most selective inhibitor of the three, for even at high con- 
centrations of this compound, only the epimerase was inhibited: 
L-hydroxyproline was not utilized appreciably, but p-allohy- 
droxyproline was converted almost quantitatively to a-keto- 
glutarate and glutamate, providing additional evidence for 
p-allohydroxyproline as the more immediate precursor of gluta- 
mate. Data obtained with sulfhydryl reagents are summarized 
in Table IV; the apparent sites of the several sulfhydry] reagent 
blocks are diagrammed in Fig. 8. 


Steps Beyond p-Allohydroxyproline Oxidase 


The cyclic product of p-allohydroxyproline oxidation, A'-pyr- 
roline-4-hydroxy-2-carboxylate, is an internal Schiff base, pre- 
sumably in equilibrium with the straight-chain form obtained by 
hydrolysis, a-keto-y-hydroxy-d-aminovalerate.* This 5-carbon 
a-keto acid represents a plausible precursor of the five-carbon 
dicarboxylic acids formed. Although the further specific reac- 
tion steps leading to the familiar dicarboxylic acids have not 
yet been defined, the following preliminary experiments indicate 
a pyridine nucleotide requirement beyond a-keto-y-hydroxy-- 
aminovalerate and also suggest that a-ketoglutarate is a more 
proximal reaction product than glutamate.'® 


1 Chemical studies (50) of an analogous compound, a-keto-- 
amino valerate, indicated reactivity both as an a-keto acid and 
as the cyclized form, A'-pyrroline-2-carboxylate. Chemical and 
enzymatic studies (8) of an isomeric hydroxypyrroline carbox- 
ylate, the oxidation product of L-hydroxyproline in animals, have 
similarly indicated reactivity of this compound both as the 
straight chain form (y-hydroxyglutamic-y-semialdehyde) and as 
the cyclic form (A'-pyrroline-3-hydroxy-5-carboxylate). 

16 The interconversion of a-ketoglutarate and L-glutamate could 


be readily accounted for by the presence in sonic extracts of a | 


TPN-specific glutamic dehydrogenase demonstrable by direct 
assay. Other TPN-specific glutamic dehydrogenases of bacterial 
origin have been reported (51, 52). 
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p -Chloromercuribenzoate 
N-Ethylmaleimide 
lodoacetate 


E. Adams 


L-Hydroxyproline => D-Allohydroxyproline ———>A' Pyrroline - 4- hydroxy-2-carboxylate 


p-Chloromercuribenzoate N-Ethylmaleimide 








Fic. 8. Sites of inhibition of several sulfhydryl reagents. 


| 


f 
{-Ketoglutarate 


+ 


; L-Glutamate 


All reagents tested inhibit the epimerase, but leave the oxidase intact. 


The subsequent reaction steps inhibited by p-chloromercuribenzoate and N-ethylmaleimide are not known, but the latter appears to 


act at a point beyond p-chloromercuribenzoate. 


TPN Requirement for Glutamate Formation—Treatment of 
sonic extracts with charcoal (100 mg. of Norit A (Fisher Scientific 
Company) per ml. of extract, stirred for 10 minutes) slowed 
hydroxyproline utilization only slightly, but prevented the ap- 
pearance of glutamate, and reduced the accumulation of a-keto- 
glutarate. Since there was no corresponding increase in pyrrole- 
2-carboxylate or A!-pyrroline-4-hydroxy-2-carboxylate to balance 
the disappearance of hydroxyproline, the block was presumed to 
follow a relatively irreversible reaction of the pyrroline inter- 
mediate. The original activity of such charcoal-treated extracts 
could be completely restored by adding TPN at 5 wmoles per 
ml. DPN partially restored glutamate formation, but was 
distinctly less effective than TPN at the same concentration. 

Several observations pointed to the accumulation of another 
reaction product in incubations with charcoal-treated enzyme. 
First, the disappearance of hydroxyproline was not matched by 
the reaction products already identified, 7.e. A'-pyrroline-4-hy- 
droxy-2-carboxylate, pyrrole-2-carboxylate, a-ketoglutarate, or 
glutamate. Further, incubation solutions became deep yellow 
within several days after addition of acid. Measurements of 
ammonia accumulated in such incubation mixtures indicated 
approximate stoichiometry with the hydroxyproline consumed, 
in contrast to incubations with extracts untreated with charcoal 
in which only small quantities of ammonia accumulated. These 
observations suggest the parallel accumulation of a deaminated 
intermediate representing a step before the recognized dicar- 
boxylic products, although the possibility of nonenzymatic de- 
amination of a labile intermediate cannot be excluded. Pre- 
liminary attempts to isolate the deaminated intermediate by 
incubating pi-hydroxyproline-2-C™ with charcoal-treated en- 
zyme were unsuccessful. 

Tests for Other Intermediates—A number of hypothetically 
possible intermediates between hydroxyproline and glutamate 
were tested by incubation with active enzyme preparations. To 
insure that the additions were not inhibitory, parallel incubations 
in the presence of hydroxyproline were carried out. Most 


compounds were also tested for utilization by whole cells grown 
on hydroxyproline, although possible permeability barriers made 
The following compounds were all 


this a less satisfactory test. 


found to be inactive either as substrates for oxygen consumption 
by cell suspensions, or as substrates for glutamate formation in 
extracts: 4-oxo-L-proline, y-hydroxyglutamate (both the natu- 
rally occurring epimer and the synthetic diastereomeric mixture), 
DL-pyrrolidone-5-carboxylate, pyrrole-2-carboxylate, A'-pyrro- 
line-5-carboxylate (DL-glutamic-y-semialdehyde), and A!-pyr- 
roline-3-hydroxy-5-carboxylate (L-y-hydroxy-L-glutamic-y-semi- 
aldehyde). 


DISCUSSION 


In the presence of glutamic dehydrogenase, the relative se- 
quential positions of a-ketoglutarate and glutamate as products 
of hydroxyproline cannot be unequivocally decided. The greater 
accumulation of glutamate than a-ketoglutarate may simply 
reflect the equilibrium position under the conditions employed; 
for the same reason accumulation of glutamate in the presence 
of inhibitors of a-ketoglutarate oxidation does not indicate which 
acid is formed first. Certain considerations, however, favor the 
postulation that a-ketoglutarate precedes glutamate. One is the 
observation that, in the presence of arsenite, appreciable quan- 
tities of a-ketoglutarate accumulate from hydroxyproline, al- 
though glutamate incubated under these conditions is not ap- 
preciably converted to a-ketoglutarate (Table II). A second is 
the observation that NH; accumulates stoichiometrically in incu- 
bations with charcoal-treated enzyme, suggesting a deamination 
step before glutamate. 

The requirement of TPN in a-ketoglutarate-glutamate forma- 
tion and the probable position of a-ketoglutarate proximal to 
glutamate suggest a reaction sequence in which a-keto-y-hy- 
droxy-6-aminovalerate is oxidized to a-ketoglutarate in a TPN- 
requiring reaction, and the TPNH thus generated is available 
for the reduction of a-ketoglutarate to glutamate. This postu- 
lated reaction leading to a-ketoglutarate is only speculative, but 
the structure of a-keto-y-hydroxy-6-aminovalerate suggests the 
possibility of a deamination reaction analogous to that catalyzed 
by serine dehydrase'* (53). 


16 T am indebted to Dr. W. K. Maas for calling this analogy to 
my attention. 
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Fig. 9. Scheme of reactions for the conversion of t-hydroxyproline to L-glutamate. Enzymes in parentheses indicate postulated 


reactions. 


The entire scheme, including both substantiated and specula- 
tive reactions, is shown in Fig. 9. Deamination of a-keto-y- 
hydroxy-6-aminovalerate to a-ketoglutaric-y-semialdehyde (2- 
oxoglutaraldehydic acid) is an ad hoc postulation, supported by 
no specific evidence, but consistent with the formation of a 
labile intermediate which might be expected to require a TPN- 
linked oxidation to a-ketoglutarate. 

A second question concerns the status of glutamate as an 
intermediate of hydroxyproline degradation by the intact cell. 
If a-ketoglutarate precedes glutamate, then glutamate may arise 
coincidentally in extracts only because artificial conditions per- 
mit the accumulation of a-ketoglutarate and TPNH. The ob- 
servations cited after the addition of borate to whole cell sus- 
pensions indicate that whole cells can also accumulate substantial 
quantities of glutamate, although these conditions may have 
little bearing on the pathway of hydroxyproline in the nonin- 
hibited cell. 

Since it is not clear from these experiments how much gluta- 
mate accumulates from hydroxyproline within the cell, the lag 
before glutamate oxidation might represent the induction either 
of enzymes for rapid glutamate utilization or of a system for 


glutamate transport (54). Studies of uptake of labeled carbon 
with either pL-glutamate-1-C" or uniformly labeled L-glutamate- 
C were not decisive because of the anticipated difficulty under 
these conditions of experimentally separating glutamate trans- 
port from glutamate metabolism as limiting steps for the in- 
corporation of labeled carbon. Utilization of glutamate meas- 
ured in broken cell preparations (uncentrifuged sonic extracts) 
was more informative, since repeated observations of this rate 
disclosed no large or consistent differences among preparations 
from cells grown on glucose, glutamate, or hydroxyproline. 
Analogous observations with other compounds also strengthened 
the impression that the inductive lag in glutamate utilization 
represents a limiting rate of glutamate uptake. Thus glucose 
also showed a lag in utilization by whole cells grown on substrates 
other than glucose. a-Ketoglutarate, like glutamate, was used 
by hydroxyproline-grown cells only after a distinct lag. Cells 
grown on other substrates known to yield glutamate as meta- 


" Attempts to alter a putative permeability barrier to gluta- 
mate by treatment of cells with toluene did not succeed since 
toluene added under various conditions consistently inactivated 
the oxidation of both hydroxyproline and glutamate. 
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bolic products (t-proline, t-histidine) similarly consumed L- 
glutamate only after a lag. Furthermore, it was observed that 
cells grown on L-histidine were incapable of utilizing urocanic 
acid, but, by direct assay, extracts of the same cells contained 
active histidase and urocanase (55). These other indications of 
widely operative permeability barriers in the cells studied, to- 
gether with the failure to find an enzymatic basis for the lag in 
glutamate utilization, suggest the interpretation of this lag as the 
requirement to form a transport system, induced by adequate 
concentrations of L-glutamate in the external medium, but un- 
responsive to endogenous glutamate. This interpretation now 
has many precedents, particularly the well known instances of 
bacterial impermeability to exogenous Krebs cycle intermediates 
despite the simultaneous intracellular formation and utilization 
of these compounds (56-58). 

The biological importance of the bacterial pathway described 
would seem to be the conversion to more generally metabolized 
compounds of hydroxyproline, a quantitatively significant though 
specialized component of animal tissue and of some plant tissues 
(59). It is of interest that the cells studied can utilize all iso- 
mers of hydroxyproline, although only after induction by 
t-hydroxyproline or p-allohydroxyproline. Other hydroxypro- 
jine-containing compounds tested, (L-hydroxyproline amide, 
t-hydroxyprolyl-L-tyrosine) were not utilized by whole cells 
of P. striata even after induction with L-hydroxyproline. 

The initial metabolic reactions of L-hydroxyproline in animal 
tissue have been shown to result in the formation of y-hydroxy- 
glutamate (8), from which aspartate, glutamate, and alanine 
might arise as plausible subsequent products, each with some 
experimental support in isotope experiments with the intact rat 
(6, 7). 

Apart from studies of the early reactions of t-hydroxyproline 
in animal tissue (8, 60), the bacterial system described here 
represents the only enzymatically defined degradative pathway 
for t-hydroxyproline. Although glutamate, formed from hy- 
droxyproline in bacterial extracts, may prove to be a product 
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shared by the animal pathway for hydroxyproline utilization, 
the intermediate reactions are quite distinct in each system. 
The bacterial and animal utilization of t-hydroxyproline involve 
distinct pyrroline oxidation products, the former leading to an 
a-keto acid and the latter to an a-hydroxy aldehyde. 

Pyrrole-2-carboxylate would seem to be an irreversibly formed 
side-product in bacteria and not to be on the direct pathway of 
L-hydroxyproline oxidation. It is utilized neither by extracts 
nor intact cells, and appears in extracts under conditions per- 
mitting accumulation of its pyrroline precursor. Its utilization 
by the intact rat indicates similar metabolic inertness since it is 
reported to be largely excreted either free or in conjugated form 
(61). 

Survey assays of other microbial and plant sources, including 
brewers yeast and wheat germ extracts, indicated no capacity to 
utilize hydroxyproline. 


SUMMARY 


Studies of induced hydroxyproline utilization in whole cells 
and extracts of Pseudomonas striata have outlined a reaction 
sequence distinct from that in animal tissue. The bacterial 
pathway involves initial epimerization of L-hydroxyproline to 
p-allohydroxyproline and oxidation of the latter to a-keto-y- 
hydroxy-6-aminovalerate (via its cyclic pyrroline equilibrium- 
partner), which is then converted to a-ketoglutarate and L- 
glutamate through reactions not yet defined. All enzymes con- 
cerned in the over-all pathway are soluble, with the exception of 
p-allohydroxyproline oxidase. 

Whole cells are capable of utilizing hydroxyproline after 
induction by either of the two epimers of hydroxyproline char- 
acterized by the L-configuration at carbon 4. Induced cells can 
oxidize all four isomers. The epimers with p-configuration at 
carbon 4 are not inducers, nor are they utilized by extracts or 
broken cell preparations; they are, however, substrates for hy- 
droxyproline-2-epimerase. 
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Protein Synthesis by Rabbit Reticulocytes 


I. KINETICS OF AMINO ACID INCORPORATION IN VITRO INTO 
PROTEIN FRACTIONS OF INTACT CELLS* 
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(Received for publication, April 10, 1959) 


It has now been established in several laboratories that, under 
appropriate conditions in vitro, rabbit reticulocytes carry out 
hemoglobin synthesis, which may be estimated either as a net 
increase in hemoglobin (1) or as an extensive incorporation of 
labeled amino acids into globin (2) or glycine (3, 4) and iron (5) 
into heme. We reported earlier that when the initial stages of 
this process were followed with tracer levels of radioactive leucine, 
its incorporation into protein of the microsome fraction! preceded 
its entrance into hemoglobin of the soluble protein fraction (6). 
This report describes further characteristics of the incorporation 
of radioactive amino acids by reticulocytes and the role played 
by the microsome fraction. 


EXPERIMENTAL 


Incubation Procedure—Rabbit reticulocyte formation was stim- 
ulated by daily intramuscular injection for 1 week of 1 ml. 
of neutralized phenylhydrazine hydrochloride (2.5 per cent 
weight per volume) together with 50 ug. of folic acid and 0.05 
ug. of vitamin B,2 as recommended by Borsook et al. (2). Blood 
was obtained by heart puncture and cells were removed by cen- 
trifugation in a refrigerated centrifuge at 4°. The reticulocytes 
were washed three times with cold buffer (0.9 per cent sodium 
chloride solution containing sodium phosphate, 1 x 10-* mM, pH 
7.2) by alternate suspension and sedimentation at 4°. One vol- 
ume of cells was then suspended in two volumes of the above 
buffer containing a mixture of amino acids and iron. When 
incorporation of radioactive leucine or isoleucine was studied, 
the concentrations of the other amino acids, expressed as mo- 
larity X 104, were: L-histidine, 0.75; t-valine, 3.0; L-phenylala- 
nine, 1.6; L-tyrosine, 2.0; L-serine, 4.0; L-lysine, 2.4; L-tryp- 
tophan, 0.32; t-glutamine, 8.5. When the incorporation of 
L-phenylalanine-C™ was studied, t-leucine, 4.0 <X 10-* M, was 
added and nonradioactive phenylalanine omitted. The iron 
was present as ferrous ammonium sulfate, 1.4 x 10-* m. 

The radioactive amino acids, uniformly labeled with C™, were 


* Supported by a grant from the Cancer Research Funds of the 
University of California. 

t Present address, National Cancer Institute, National Insti- 
tutes of Health, Bethesda 14, Maryland. 

{Present address, Department of Pharmacology, Stanford 
University School of Medicine, San Francisco, California. 

1 The term microsomes as used in this communication refers to 
the cytoplasmic fraction isolated by differential centrifugation, 
and therefore includes both free ribonucleoprotein particles with 
their associated protein, as well as those which may be attached 
to fragments of the endoplasmic reticulum. 
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obtained from the Nuclear-Chicago Corporation. They in- 
cluded t-phenylalanine, 4.6 x 10° c.p.m. per umole, L-leucine 
and L-isoleucine, both 6.9  10* c.p.m. per umole. The radio- 
active amino acids were dissolved in water and 0.05 ml. was added 
to the side arm of a Warburg flask containing 4.0 ml. of the cell 
suspension in its main compartment. The contents of the side 
arm were made isotonic by addition of twice isotonic sodium 
chloride-phosphate medium equal to the volume of radioactive 
amino acid solution. The corresponding nonradioactive L-amino 
acids were used in conjunction with the labeled compounds when 
solutions of higher concentration were required. 

The flasks were equilibrated at 37.5° for 5 minutes, then the 
side arms were tipped and the incubations carried out for various 
time periods. To terminate the incorporation process, the flask 
contents were rapidly mixed with 6 ml. of ice cold isotonic sucrose, 
and then immediately frozen in a solid carbon dioxide, glycol 
methyl] ether bath. 

Isolation of Fractions—After partial thawing, the cells were 
completely disintegrated by exposure for 30 seconds in an iced 
9 ke. Raytheon magnetostriction oscillator at full power. The 
particulate matter was sedimented in 90 minutes at 100,000 x g 
in the Spinco ultracentrifuge. It was then resuspended in iso- 
tonic sucrose and separated into 2 fractions, a coarse, gray-green 
material sedimenting in 30 minutes at 1,000 x g and a bright 
red, translucent microsome fraction, sedimenting in 1 hour at 
100,000 X g. The coarse fraction was undoubtedly heterogene- 
ous, containing any large inclusions present within the reticulo- 
cyte (7) as well as stroma, while the microsomal fraction con- 
sisted principally of ribonucleoprotein particles (6, 8). The 
coarse fraction was washed twice by suspension in isotonic sucrose 
and sedimentation at 1,000 x g. 

Chromatographic Isolation of Hemoglobin—Chromatography 
was performed with columns (15 mm. diameter, 150 mm. long) 
of Amberlite IRC 50-XE 97, a carboxylic acid resin prepared by 
the Rohm and Haas Company. The resin was prepared for 
chromatography as described by Hirs et al. (9), and elution was 
carried out with the same buffer used for resin equilibration, 0.2 
M sodium phosphate, pH 6.5. The soluble protein was isolated 
after lysing the cells by freezing and thawing them in the incuba- 
tion medium and then centrifuging the lysate at 100,000 x g 
for 90 minutes. Hemoglobin was then converted to carbon 
monoxide hemoglobin by equilibration of the soluble protein 
with carbon monoxide in a flask placed in chipped ice. Chroma- 
tography was carried out at 4°. The portion of the resin con- 
taining the resulting single red band was cut out after separating 
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the halves of the column, which was made of 2 matched hemi- 
cylinders of glass, greased with silicone, and bound together. 
The isolated resin was placed in a small column and the hemo- 
globin was eluted with the developing buffer. The corre- 
spondence of the specific activity of the material in the different 
eluted fractions indicated the homogeneity of the hemoglobin. 
For example, after a 20 minute incubation of cells with radioac- 
tive phenylalanine, the soluble proteins had a specific activity 
of 366 c.p.m. per mg. while the isolated hemoglobin, separated 
into 3 fractions during complete elution, had specific activities of 
225, 220, and 223 c.p.m. per mg., respectively. The radioactive, 
nonhemoglobin soluble protein was not completely removed by 
salt fractionation (4, 5,10). On chromatography it concentrated 
at the top of the column. 

Preparation of Proteins for Counting—The proteins of the 
various fractions were precipitated with 10 per cent (weight per 
volume) trichloroacetic acid, washed three times with 5 per cent 
trichloroacetic acid, treated with 5 per cent trichloroacetic acid 
at 90° for 15 minutes, washed once with absolute ethanol, three 
times with 3:1 ethanol-ether at 62° for 5 minutes, and then twice 
with absolute ether. They were plated on aluminum disks with 
a mixture of 2 ml. of absolute ether and 6 ml. of petroleum ether 
and counted in a gas flow counter. To check the possible role 
of nonspecific disulfide bond formation in the incorporation 
process, and of adsorption, various protein samples were sub- 
jected to performic acid oxidation. The samples were dissolved 
in formic acid, one-tenth volume of 30 per cent hydrogen per- 
oxide was added, and the solutions were permitted to stand for 
20 hours. When the proteins so treated were reprecipitated 
with trichloroacetic acid, they were found to have retained their 
original specific activities. 


RESULTS AND DISCUSSION 


Incorporation of Trace Amount of Amino Acid into Proteins of 
Reticulocyte Fractions—The kinetics of incorporation of tracer 
levels of phenylalanine into proteins of reticulocyte fractions 
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Fig. 1. Kinetics of phenylalanine incorporation into soluble and particulate proteins of rabbit reticulocytes. A, specific radio- 
activity versus time; B, total radioactivity versus time. The uniformly labeled L-phenylalanine-C™ contained 67,000 c.p.m. i 
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closely resembled the pattern observed with leucine (6). As 
shown in Fig. 1A the specific activity of the microsomal protein 
reached a maximum after only one-half minute of incubation, 
The fall in specific radioactivity of the protein of this fraction 
coincided with completion of incorporation into the soluble pro- 
tein. Only about half of the radioactivity in the soluble protein 
could be accounted for as hemoglobin (Fig. 1B). 

The rapid absorption of leucine and phenylalanine into the 
cell, and incorporation into protein by the reticulocyte is con- 
sistent with the marked concentrative uptake of glycine observed 
with these cells by Riggs et al. (11). Christensen (12) has sug- 
gested that cells engaged in protein synthesis have a system for 
active absorption of amino acids which is independent of the | 
protein synthetic mechanism. However, in view of the rapid 
and almost complete utilization of absorbed trace amounts of 
leucine and phenylalanine by reticulocytes, it may be that the 
absorptive capabilities of these cells for low concentrations of 
amino acids are linked to the protein synthetic system, which 
acts as a trap for removing the free intracellular amino acid. 
Also, the almost complete incorporation of added leucine and 
phenylalanine into protein during a 10 minute incubation indi- 
cates an unusually rapid turnover of the pools of these amino 
acids within the cells. An extensive replenishment and utiliza- | 
tion of the intracellular amino acid pool for hemoglobin synthe- 
sis during prolonged incubations has been observed by Schweiger 
et al. (1). 

Incorporation of Leucine into Protein of Fractions of Micro- 
somes—When the leucine labeled microsomes were treated with 
sodium deoxycholate (13, 14) a portion was rendered soluble. 
This material, which did not sediment at 100,000 x g in 
minutes, contained a red protein whose specific radioactivity was 
close to that of the soluble protein of the cell. The correspond- 
ence of the radioactivities of the two fractions is shown in Fig. 2 
and suggests that most of the protein released on treatment with 
deoxycholate may have been adsorbed soluble protein. Liver 
microsomes have been shown to bind hemoglobin (15, 16). 
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Fic. 2. Kinetics of leucine incorporation into protein fractions 
of rabbit reticulocytes. The uniformly labeled L-leucine-C™ con- 
tained 90,000 c.p.m. in 13 mumoles. The microsomes were sus- 
pended in 3 ml. of water and mixed with freshly prepared sodium 
deoxycholate, 30 mg. in 3 ml. of glycylglycine buffer, 0.05 m, pH 
8.0. The suspension was diluted to 12 ml. with water and centri- 
fuged at 100,000 X g for 2 hours. 


It is of interest that the protein released on treatment of reticu- 
loeyte microsomes with deoxycholate did not correspond in spe- 
cific activity to similar material released from liver microsomes. 
With the latter material deoxycholate releases protein of higher 
specific activity than that of the soluble cytoplasmic protein (13). 

The incorporation of radioactive amino acid into hemoglobin 
of reticulocytes proceeds without a lag phase (Fig. 1B) as con- 
trasted to the incorporation of amino acids into soluble serum 
albumin in a liver slice system (17). The lag in the labeling of 
serum albumin has been attributed to the prior accumulation of 
newly formed albumin within the microsomal structure (18). 
Such newly formed proteins of high specific activity are released 
on treatment of the microsomes with deoxycholate and have a 
higher specific activity than the corresponding soluble protein 
incytoplasm. Thus, the presence of a lag phase in the labeling 
of soluble protein and the accumulation of high specific activity 
protein in microsomes which is released by deoxycholate appear 
to be due to the same metabolic process. Loftfield (19) has 
suggested that those cells which secrete proteins possess storage 
vesicles within the endoplasmic reticulum to which ribonucleo- 
protein particles are attached. The presence of such storage 
vesicles has been found by Hendler et al. (20), in chicken oviduct 
minces, and by Siekevitz and Palade (21) in the pancreas. They 
appear to be absent in nonsecretory cells, such as the Ehrlich 
ascites cell (22) as well as in reticulocytes. 

The deoxycholate-insoluble microsomal material obtained from 
reticulocytes was a colorless to slightly amber nucleoprotein 
which analyzed for 40 per cent ribonucleic acid by the method 
of Scott et al. (23), with purified yeast ribonucleic acid as a stand- 
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ard. A similar value has been reported by Dintzis et al. (8), 
and has been found in the ribonucleoprotein granules of other 
cells. As can be seen from Fig. 2, the incorporation of labeled 
leucine into the deoxycholate insoluble ribonucleoprotein re- 
sembled the pattern of incorporation observed with the whole 
microsome fraction. The kinetics of incorporation suggest that 
a protein fraction associated with reticulocyte ribonucleoprotein 
is a precursor to hemoglobin. 

Effect of Amino Acid Concentration on Incorporation—When 
reticulocytes were incubated with leucine at higher concentras 
tions (5 X 10-4 m) the pattern of incorporation into cell fraction- 
differed from that observed when tracer levels of the amino acid 
were used. Although incorporation into the soluble protein re- 
mained linear (Fig. 3), the radioactivity of the microsomal pro- 
tein fraction did not reach a maximum during the first few min- 
utes, but continued to rise approaching a steady state level after 
10 minutes. 

The presence of the amino acid mixture and iron, as recom- 
mended by Borsook et al. (2, 24) stimulated the incorporation of 
leucine into the proteins of all cell fractions. As can be seen in 
Table I, this stimulation was apparent from the earliest time 
point taken, 5 minutes. However, the amino acid-iron mixture 
caused no increased incorporation when a trace level of leucine 
was added, and it would therefore appear that its role was to 
balance the intracellular pool containing the higher concentration 
of radioactive leucine. 

Metabolic Activity of Particulate Proteins—When present at 
higher concentrations (5 X 10-* m), leucine incorporated into 
both the microsomal and coarse particulate fractions approached 
a steady state level. The incorporated amino acid within this 
protein was metabolically labile, for its specific activity decreased 
when nonradioactive leucine was added to the medium. The 
data in Table II show that the specific activity of leucine labeled 
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Fic. 3. Kinetics of leucine and isoleucine incorporation into 


soluble and particulate proteins of rabbit reticulocytes. The 
amino acid concentration was 5.0 X 10-* m. 
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TaBLeE I 


Effect of amino acids and iron on incorporation of radioactive 
leucine into protein of reticulocyte cell fractions 











Protein specific activity 
Cell fraction 

5 minute 60 minute 

incubation incubation 

% of control* % of control 
Coarse particulate.............. 154 132 
Microsome ...................-. 157 135 
MS Si Sic.citude OX bs gale eadiws 276 234 











* Control incubations were performed without the amino acid 
mixture and iron. Leucine concentration was 5.0 X 10-4 M. 


TaBLeE II 


Release of incorporated leucine from protein of reticulocyte cell 
fractions upon addition of nonradioactive leucine 

Cells were incubated with uniformly labeled t-leucine-C", 
5 X 10°‘ m, 5.4 X 10° c.p.m., in amino acid-iron medium for 5 
minutes. Samples were then either (a) frozen in sucrose for isola- 
tion of fractions, (b) washed with buffer and incubated with 
L-leucine-C!”, 0.02 mM, for 90 minutes, or (c) washed with buffer 
and incubated with buffer alone for 90 minutes. 




















Protein specific activity 
Cell fraction (a) After (b) After second | (c) After second 
incubation with incubation with incubation in 
leucine-C'* leucine-C” buffer 
c.p.m./mg. protein 

Coarse particulate) 23.5 + 0.0* | 14.7 + 0.0 | 41.7 + 0.5 

Microsome........ 125 + 1 49.5 + 0.8 129 + 3 

Soluble ........... 90.7 + 0.5 91.8 + 1.3 209 + 5 





* Deviation from the mean of duplicate incubations. 


microsomal protein dropped from 125 to 50 c.p.m. per mg. when 
nonradioactive leucine was added to the washed cells, but did 
not change when the cells were incubated in buffer alone. The 
specific activity of the proteins of the coarse fraction also de- 
creased upon addition of nonradioactive leucine. However, the 
soluble protein fraction maintained a constant specific activity 
under these conditions. These findings differ from those ob- 
served by Hendler (25) in chicken oviduct minces. With this 
tissue, addition of nonradioactive precursors also caused a small 
loss of incorporated radioactivity in the particulate protein frac- 
tion, but did not prevent a further rise in radioactivity in the 
soluble protein. Here the continued increase in radioactivity 
of the soluble protein after dilution of the specific activity of the 
amino acid pool may be attributed to the release of previously 
formed soluble protein from microvacuoles associated with pro- 
tein-forming systems of this tissue. 

Preferential Incorporation of Isoleucine into Microsomal Pro- 
tein—The amino acid composition of rabbit hemoglobin (26) as 
well as that of other mammalian adult hemoglobins (27) is char- 
acterized by a very low content or complete absence (28) of iso- 
leucine. It was therefore of interest to compare the incorpora- 
tion of this amino acid with that of its isomer, leucine, which is 
contained in much higher amounts by this protein. Incubation 
of reticulocytes with trace amounts of isoleucine, equivalent in 
concentration to that of leucine (6) or phenylalanine (as in Fig. 1) 
resulted in a significant incorporation into microsomal protein but 
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a much smaller incorporation into the soluble protein fraction, 
Furthermore, as Table III shows, the incorporation of isoleucine 
into the microsomal protein did not reach a maximum during the 
first few minutes of incubation but continued to rise. Although 
the results in Table III indicate the different extent of utilization 
of added leucine and isoleucine, such quantitative comparisons 
may have been markedly influenced by the endogenous cellular 
supply of the amino acid which was added in trace amounts. 

Differences between the incorporation of leucine and isoleucine 
were also found when the concentration of the amino acids was 
increased (Fig. 3). Again, the principal incorporation of isoleu- 
cine was into the microsomal protein, and comparatively little 
entered the soluble protein. The distribution of isoleucine be- 
tween the hemoglobin and nonhemoglobin fractions of the chro- 
matographed soluble protein did not differ significantly from 
that of leucine. Thus, after a 30 minute incubation, the spe- 
cific activity of chromatographed hemoglobin isolated from cells 
incubated with radioactive leucine was 55 per cent of that in 
the total soluble protein, while hemoglobin isolated from cells 
incubated with radioactive isoleucine had a specific activity of 44 
per cent of that in the total soluble protein. With both amino 
acids, chromatography of the total soluble protein yielded a small 
amount of protein of high specific activity which was concen- 
trated at the top of the column. 

Isoleucine may be considered as an analogue of both leucine 
and valine and it has been shown to compete with the latter 
amino acid in protein synthesis by Escherichia coli (29). It was 
therefore necessary to determine whether isoleucine was incor- 
porated into sites reserved for its naturally occurring analogues. 
No such substitution was found. Leucine or valine at equimolar 
concentrations (5 X 10-4 m) did not interfere with isoleucine in- 
corporation, nor did valine or isoleucine interfere with leucine 
incorporation into any of the cell fractions. The results are in- 
terpreted as indicating that isoleucine did not enter sites nor- 
mally reserved for valine or leucine. 

Labeled isoleucine which had been incorporated into micro- 
somal protein during a 5 minute incubation could be displaced 
subsequently by higher concentrations of the unlabeled amino 
acid. Under similar conditions described in Table II, the pro- 
tein specific activity dropped from 69 to 33 c.p.m. per mg. upon 
addition of nonradioactive isoleucine. This metabolic activity 
of isoleucine in microsomal protein is consistent with the possi- 


TaBLeE III 


Incorporation of leucine and isoleucine from trace concentrations 
into protein of reticulocyte fractions 
Rabbit reticulocytes were incubated for 4, 2, and 10 minutes 
in the amino acid-iron mixture with 13 mumoles of L-leucine or 
L-isoleucine, both uniformly labeled with C™ and assaying 90,00 
¢.p.m. 





| Specific activity of protein after incubation with 














Minutes Leucine Isoleucine 
Coarse | . | Soluble | Coarse . | Soluble 
fraction nee fraction | fraction oa fraction 
c.p.m./mg. protein c.p.m./mg. protein 
; 51 471 | 2 | 3 6 | 1 
2 77 638 13606, «So 68 | 5 
10 99 294 322 | 27 1066 | 38 
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bility that it may be in an intermediate stage of protein 
synthesis. 

Schweet et al. (30) found that isoleucine was as poorly incor- 
porated into microsomal protein as it was into hemoglobin of a 
cell-free rabbit reticulocyte system. Dintzis et al. (8), however, 
with the use of leucine incorporation as a basis, found that more 
arginine was incorporated into microsomal protein of intact 
reticulocytes than was anticipated from its incorporation into 
hemoglobin. It would therefore appear that the extent of in- 
corporation of various labeled amino acids into the microsomal 
protein of reticulocytes may not be determined by an orderly 
assembly of the amino acid constituents of hemoglobin into 
protein, but may be influenced by exchange phenomena at syn- 
thetic sites (31). 

CONCLUSIONS 


Incorporation of Amino Acids into Microsomal Protein—The 
kinetics of incorporation of both leucine and phenylalanine into 
microsomal protein indicate that these amino acids enter an 
evanescent protein precursor of the soluble protein. Isoleucine, 
an amino acid which is present in much smaller amounts in he- 
moglobin, does not readily pass through the intermediate pro- 
tein stage, but appears to remain associated with it for a longer 
time. Thus with some amino acids the rate of labeling of pro- 
tein intermediates at the ribonucleoprotein stage may be much 
higher than the corresponding release of soluble protein. Never- 
theless, the markedly different early kinetics of incorporation 
of a trace level of leucine and phenylalanine on one hand, and of 
isoleucine on the other, are consistent with the suggestion that 
the principal protein synthetic process of reticulocyte microsomes 
is the synthesis of hemoglobin. 

Incorporation of Amino Acids into Coarse Particulate Protein— 
This fraction is grossly heterogeneous and may contain endo- 
plasmic reticulum (7). Its content of ribonucleic acid ranged 
from 2 to 3 percent. Except for the initial kinetics of incorpora- 
tion of a trace amount of leucine (6) or phenylalanine (Fig. 1), 
the incorporation into the protein of this fraction resembles that 
into the microsomal particles, viz. stimulation by amino acids 
and iron (Table I), metabolic activity of incorporated amino 
acid (Table II), and the increase of incorporated phenylalanine 
and lysine when the pathway of hemoglobin synthesis is blocked 
by a valine antagonist (31). The results suggest that the prin- 
cipal incorporation of amino acids into this fraction is due to ac- 
companying ribonucleoprotein particles. 

Incorporation of Amino Acids into Nonhemoglobin Soluble Pro- 
tin—This labeled fraction was found after incubation of reticu- 
loeytes with trace levels of radioactive leucine and phenylalanine 
and higher concentrations of leucine, isoleucine and of lysine (31). 
Only a small portion of the incorporated amino acid in this pro- 
tein fraction could be an artifact resulting from the release of 
labeled protein from particulate matter during cell lysis, for the 
time of maximal incorporation of labeled amino acid in the two 
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phases are strikingly dissimilar (Fig. 1B). This point is also 
illustrated by the fact that the drop in specific activity of the 
particulate protein fractions upon addition of the corresponding 
nonradioactive amino acid was not accompanied by a similar de- 
crease in the soluble protein fraction (Table II). In addition, 
as can be seen in Table I of the following article (31), the several 
fold increase in the incorporation of radioactive phenylalanine 
into the particulate proteins is accompanied by a drop in the 
incorporation into the nonhemoglobin soluble protein. 

The labeling of nonhemoglobin-soluble protein may be due 
either to the incorporation of amino acids into other unrelated 
proteins, or as indicated by the rather low level of isoleucine in- 
corporated into both hemoglobin and this fraction, may be some- 
how associated with hemoglobin synthesis. It may be an indica- 
tion of the synthesis of globin. The possibility is also suggested 
that this labeled material may be the product of two cellular 
activities, hemoglobin synthesis and cellular maturation. An 
energy-dependent proteolysis (32) is associated with the latter 
process, and brings about the dissolution of the ribonucleoprotein 
particles in the development of the mature erythrocyte (1, 33). 
Such a degradative activity may be expected to release partially 
synthesized protein from the active sites on the ribonucleopro- 
tein. We have reported a somewhat similar phenomenon in a 
cell-free reticulocyte preparation (34). 


SUMMARY 


Rabbit reticulocytes rapidly absorb labeled leucine or pheny]- 
alanine which are present in the medium in trace concentrations 
and almost completely incorporate these amino acids into pro- 
tein during a 10 minute incubation. These results indicate that: 
(a) the high affinity shown by these cells for the absorption of 
amino acids from trace concentrations may be due to the re- 
moval of intracellular amino acids by the protein synthetic mech- 
anism. (6b) An unusually rapid turnover of the amino acid pool 
exists within the reticulocyte. 

The kinetics of the incorporation process indicates that a small 
protein fraction within the ribonucleoprotein particle may be a 
precursor to hemoglobin. The absence of a lag period for the 
labeling of hemoglobin and other soluble protein is correlated 
with the absence of high specific activity protein within the 
microsome fraction which can be solubilized by deoxycholate. 
These two phenomena may be restricted to cells which synthesize 
protein for secretion. 

Isoleucine, an amino acid which is either absent or present in 
very small amounts in hemoglobin, is incorporated principally 
into the microsomal protein fraction. The relation, if any, of 
this process to globin formation is at present not clear. 


Acknowledgment—We wish to thank Professor D. M. Green- 
berg for his continued interest and support during the course of 
this investigation. 
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Protein Synthesis by Rabbit Reticulocytes 


Il. INTERRUPTION OF THE PATHWAY OF HEMOGLOBIN SYNTHESIS BY A VALINE ANALOGUE* 
M. Rasinovitzt AnD H. McGrats 


From the Department of Physiological Chemistry, University of California School of Medicine, 


Berkeley, California 





Many studies within the past few years have demonstrated 
that amino acid analogues may substitute for their corresponding 
natural metabolites in proteins (2-4). Indeed, selenomethionine 
appears to satisfy all of the methionine requirements in Escher- 
| ichia coli (5) and thus may be assumed to adequately replace the 

natural metabolite in all of the proteins of this species. Reports 

also have appeared that at least one amino acid analogue, p- 
| fluorophenylalanine, becomes incorporated into discrete avian 

and mammalian cell proteins, that is ovalbumin and lysozyme 

of the hen oviduct (6) and muscle aldolase and glyceraldehyde 
3-phosphate dehydrogenase of rabbit muscle (7). In addition, 
it has been found in this laboratory! that o-fluorophenylalanine- 
2-C¥ is readily incorporated into hemoglobin by reticulocytes 
in vitro. This ability of o-fluorophenylalanine to act as an un- 
' natural substrate may account for its failure to block the incor- 
poration into hemoglobin of amino acids other than phenylala- 
nine (8), an observation which we have confirmed. Evidence 
obtained from bacterial systems indicates that some unnatural 

proteins formed in this manner are inactive functionally (9, 10). 

Not all amino acid antagonists, however, act as competitive 
substrates to form unnatural proteins. Some tryptophan ana- 
logues are not activated but inhibit the activation of tryptophan 

| (11). Also, an isoleucine analogue, O-methylthreonine, blocked 
incorporation of both isoleucine and other amino acids in a man- 
ner which was prevented only by isoleucine (12). The analogue 
therefore could not have served as coparticipant for protein 
synthesis. 

A similar phenomenon is described in this communication; 
a-amino-8-chlorobutyric acid, a valine antagonist, inhibited the 
incorporation of valine, phenylalanine, and lysine into reticulo- 
cyte hemoglobin in vitro. The characteristics of the inhibited 
system furnish information on the mechanism of amino acid in- 
corporation into protein by the intact cell. 


EXPERIMENTAL 


Materials—The pi-a-amino-8-chlorobutyric acids were pre- 
pared as their hydrochlorides from pL-threonine and DL-allothreo- 
nine by the method of Fischer and Raske (13, 14) as modified by 
Kinoshita and Umezawa (15). The hydrochlorides were dis- 

| solved in 0.9 per cent sodium chloride solution buffered with 


| * Supported by a grant from the Cancer Research Funds of the 
| University of California. A preliminary report of this work has 
been presented (1). 
+ Present address, National Cancer Institute, National Insti- 
| tutes of Health, Bethesda 14, Maryland. 
1M. Rabinovitz and H. McGrath, unpublished observations. 
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sodium phosphate, 1 x 10-* m, and neutralized with sodium 
hydroxide before use. 

The radioactive amino acids used were pt-valine-4,4’-C™, 
5.7 X 10° c.p.m. per umole, obtained from the Bio-organic Sec- 
tion of the Radiation Laboratory of this University; L-pheny]- 
alanine-uniformly labeled with C™, 4.6 < 10° c.p.m. per umole, 
purchased from the Nuclear-Chicago Corporation, and pi-lysine- 
1-C™ hydrochloride, 4.85 x 10° ¢.p.m. per umole, which was 
kindly furnished by Dr. M. Rothstein of this Department. In 
some cases, radioactive amino acids were mixed with the cor- 
responding unlabeled material to prepare solutions of appropri- 
ate concentration and specific radioactivity. 

Incubation and Isolation Procedures—Rabbit reticulocytes were 
prepared and incubated as described in the preceding paper (16) 
unless otherwise indicated. The amino acid mixture and iron 
however were omitted from the medium. Isolation of com- 
ponents (16) after incubation and the preparation of reticulocyte 
microsomes for incorporation of iron into hemoglobin (17) have 
also been described. 


RESULTS 


a-Amino-B-chlorobutyric Acids as Valine Antagonists—Both 
diastereoisomeric forms of a-amino-8-chlorobutyric acid com- 
petitively inhibited the incorporation of valine into the total pro- 
tein of rabbit reticulocytes. Fig. 1 shows that the racemate 
prepared from pt-allothreonine was approximately 5 times as 
effective in inhibiting valine incorporation as was the one pre- 
pared from pi-threonine. In the subsequent sections of this 
report, a-amino-8-chlorobutyric acid refers to the racemate pre- 
pared from pt-allothreonine. 

Inhibition of Phenylalanine Incorporation—In the preceding 
paper (16) it was shown that when reticulocytes were incubated 
with a tracer dose of radioactive phenylalanine in the absence of 
inhibitor, a marked incorporation into the microsomal protein 
preceded the incorporation into the soluble protein and hemoglo- 
bin of the cells. If, however, reticulocytes are preincubated for 
a short period with a-amino-§-chlorobutyric acid, subsequent 
addition of a tracer dose of radioactive phenylalanine results in 
changed pattern of incorporation. As is shown in Table I, a 
higher level of incorporated radioactivity was found in the pro- 
teins of the particulate fractions, whereas incorporation into the 
soluble protein was severely inhibited. Incorporation into hemo- 
globin was abolished. The results indicate a block at some point 
of the biosynthetic pathway of hemoglobin in the particulate 
phase. 
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VALINE MOLARITY 


Fig. 1. Double reciprocal plot showing competitive inhibition 
of valine incorporation into total rabbit reticulocyte proteins by 
DL-a-amino-8-chlorobutyric acids: 1, inhibition by analogue pre- 
pared from allothreonine, 0.01 mM; 2, inhibition by analogue pre- 
pared from threonine, 0.01 m; 3, inhibition of analogue prepared 
from allothreonine, 0.001 m; 4, uninhibited control. Warburg 
flasks contained pL-a-amino-8-chlorobutyric acid and p.L-valine- 
4,4’-C™ in 1.5 ml. of buffer in the main compartment, and 0.50 
ml. of reticulocyte suspension, 1 volume of cells to 2 volumes of 
buffer, in the side arm. After temperature equilibration the side 
arms were tipped and the incubation allowed to proceed for 15 
minutes. The incubation was terminated by addition of tri- 
chloroacetic acid from the second side arm. 


TaBLeE I 
Inhibition of phenylalanine incorporation into hemoglobin and its 
accumulation in particulate protein 

Reticulocytes were incubated in buffer with or without pL-a- 
amino-§-chlorobutyric acid, 5 X 10-3 m, for 15 minutes. Uni- 
formly labeled u-phenylalanine-C'™, 14.5 mymoles containing 
67,000 c.p.m., was then added and the incubation was continued 
for another 15 minutes. 





Protein specific activity 











Protein of 
Without inhibitor With inhibitor 
c.p.m./mg. protein 
Coarse particulate fraction ..... 80 365 
Microsomes...................- 313 952 
Soluble fraction................. 379 87 
Hemoglobin..................... 178 1 





Prevention and Relief of Inhibition of Lysine Incorporation— 
The above pattern of inhibition was also observed when the 
amino acid was incorporated at a concentration adequate for 
saturating the protein synthetic system. This pattern, together 
with the prevention of inhibition by various concentrations of 
added valine, is shown in Fig. 2 with lysine-1-C™ as the incor- 
porated amino acid. 


Interruption of Hemoglobin Synthesis by Valine Analogue 
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The data in Fig. 2 show that the inhibition of lysine incorpora- 
tion into hemoglobin caused by a-amino-8-chlorobutyric acid js 
completely prevented by valine when it is present at 3 the con- 
centration of inhibitor (mole ratio, inhibitor/valine = 2). Ata 
mole ratio of 15, the incorporation is inhibited by 50 per cent. 
The accumulation of incorporated radioactive lysine in the micro- 
somal and coarse particulate fractions is also prevented by valine. 
The effect of various valine concentrations upon the incorpora- 
tion into these fractions is inversely related to that found for 
hemoglobin. 

The inhibition caused by a-amino-§-chlorobutyric acid can be 
relieved by valine after the block has been established. Indeed, 
addition of radioactive lysine and valine to cells preincubated 
with inhibitor results in a greater incorporation of lysine than 
when the addition of these amino acids is made to cells preincu- 
bated in buffer alone. This effect is shown in Fig.3. Thestimu- 
lation found upon the relief of a pre-existing inhibition resembles 
the overcompensation phenomena frequently encountered in 
physiological processes, and may be due to the accumulation of 
intermediates which are limiting in the normally functioning cell. 
A similar stimulation of amino acid incorporation was found upon 
the addition of glutamine to Ehrlich ascites tumor cells in which 
the synthesis of this amino acid had been blocked by methionine 
sulfoximine (18). 

Exchange of Phenylalanine Incorporated into Inhibited System— 
When nonradioactive phenylalanine is added to cells which had 
been previously incubated with a-amino-8-chlorobutyric acid 
and radioactive phenylalanine, the specific activity of the total 
cell proteins decreased rapidly. This phenomenon, illustrated in 
Fig. 4, is completely dependent upon the previous incubation 
with the inhibitor and subsequent addition of nonradioactive 
phenylalanine. 
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Fic. 2. Prevention by valine of both a-amino-8-chlorobutyri¢ 
acid inhibition of lysine incorporation into hemoglobin and the 
associated increase of lysine incorporation into particulate pro- 
tein. Points at the extreme left of each curve represent the un- 
inhibited control. A preliminary incubation of the cells with the 
inhibitor and valine was carried out for 20 minutes, then DI- 
lysine-1-C', 1.9 X 106 c¢.p.m., was added to give a final concentra- 
tion of 1 X 10-8 m and the incubation was continued for an addi- 
tional 30 minutes. 
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Fic. 3. Relief of the inhibition of hemoglobin synthesis by 
addition of valine to cells preincubated with a-amino-§-chloro- 
butyric acid. O——O, microsomal protein, inhibited system; 
@—@, microsomal protein, uninhibited system; A——A, hemo- 
globin, inhibited system; A——A, hemoglobin, uninhibited sys- 
tem. Amino acid concentrations were pi-lysine-1-C™, 1 X 10-3 
u (1.9 X 106 c.p.m.); DL-a-amino-8-chlorobutyriec acid, 5 X 107% 
u; L-valine, 1 X 107° a. 
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Fic. 4. Exchange of incorporated phenylalanine from total pro- 
tein of reticulocytes preincubated a-amino-8-chlorobutyriec acid. 
Oo——O, with; @——@, without addition of nonradioactive 
L-phenylalanine. The main compartment of Warburg flasks con- 
tained buffer with or without pL-a-amino-§-chlorobutyric acid, 
5X 10-3 a, and reticulocytes 0.3 ml., in 1.5 ml. total volume. Af- 
ter an incubation for 20 minutes, radioactive L-phenylalanine, 
0.20 ml. containing 7.3 mumoles, 33,500 c.p.m., was tipped in from 
one side arm and the incubation continued for another 15 minutes. 
At the end of this period nonradioactive L-phenylalanine was 
added from the second side arm to give a final concentration of 
0.02 m. The incubation was terminated by the addition of tri- 
chloroacetic acid. 


The participation of the various cell fractions in the exchange 
reaction is shown in Table II, and it is apparent that incorporated 
amino acid was released from protein of all fractions. However, 
80 per cent of phenylalanine incorporated into the soluble pro- 
tein was displaced, whereas less than 50 per cent displacement 
occurred in the particulate fractions. 

The exchange reaction may be visualized as an equilibrium 
between free (and activated) amino acid and its incorporated 
counterpart in an early stage of protein synthesis. The higher 
displacement of incorporated amino acid from the soluble pro- 
tein of inhibited cells may indicate that this fraction contains 
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protein at an earlier stage of hemoglobin synthesis than that as- 
sociated with the microsomal particle. It may consist of accu- 
mulated material associated with the microsomes in the intact 
cell but solubilized during the isolation process. 

The exchange reaction resembles a similar phenomenon ob- 
served in the absence of inhibitor, namely the decrease in spe- 
cific activity of protein of the particulate fractions after addition 
of nonradioactive amino acid to cells previously incubated with 
the same labeled amino acid (Table II of (16), 19). In this case, 
however, the label in the particulate fraction may have been 
either transferred to soluble protein or released from protein al- 
together. In such uninhibited cells, the soluble protein soon 
accounts for the major portion of incorporated amino acid. 
Since in the uninhibited system there is no displacement of ra- 
dioactive amino acid from the soluble protein (16), no measurable 
net loss of incorporated radioactive amino acid can be found. 
Thus, the magnitude and stability of the incorporated radioac- 
tivity in the soluble protein obscures the nature of the changes 
in the particulate proteins, and precludes the possibility of de- 
ciding whether the decrease in specific radioactivity of these 
fractions was the result of amino acid exchange or the release of 
newly formed protein molecules. 

Effect of a-Amino-8-chlorobutyric Acid on Iron Incorporation— 
Isolated reticulocyte microsomes, supported by components in 
the soluble fraction of the cell, participate in the incorporation 
of iron into hemoglobin, the sole acceptor in the soluble protein 
fraction (17). Also only in the presence of the soluble fraction 
of reticulocytes does radioactive iron become firmly bound to the 
microsomal protein. The kinetics of this reaction are shown in 
Fig. 5. The rapid attainment of a steady state in the incorpora- 
tion of iron into the microsomes is consistent with the assump- 
tion that these particles participate in the incorporation of iron 
into hemoglobin. 

It was of interest to determine whether microsomes, isolated 
from reticulocytes in which the pathway of hemoglobin synthesis 
was blocked by a-amino-§-chlorobutyric acid, could participate 
in iron incorporation. As can be seen in Table III previous in- 


TaBLe II 


Phenylalanine exchange in proteins of reticulocytes under conditions 
of interrupted hemoglobin synthesis 

Reticulocytes were incubated in Warburg flasks with a-amino- 
B-chlorobutyric acid, 5 X 10-* m, for 20 minutes, then uniformly 
labeled .-phenylalanine-C', 7.3 mymoles containing 33,500 
c.p.m., was added from the side arm and the incubation was con- 
tinued for 15 minutes. The flasks were removed and 1 ml. of 
buffer with or without L-phenylalanine to give a final concentra- 
tion of 0.02 m was added and the incubation was continued for 
30 minutes. 








Protein specific activity 











Protein of Incubated 30 minutes with 

Zero time ——— 

Buffer | .-Phenylalanine 
c.p.m./mg. protein 

Whole cells............ 140 147 | 64 

Coarse particulate frac- 
Ts cr aed Nc a ao 260 311 | 
Microsomes........ 883 924 | 
Soluble fraction.... 88 80 
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MINUTES 
Fig. 5. Kinetics of iron incorporation into microsomal and 
soluble protein in a cell-free reticulocyte preparation. Reticulo- 
cyte microsomes (5 mg. of protein) were incubated with the solu- 
ble extract of reticulocytes (35 mg. of protein) and iron (3.3 ug., 
1.5 X 10° c.p.m.) as ferrous ammonium sulfate. 


TaBLeE III 


Participation in iron incorporation by reticulocyte microsomes 
isolated from cells with interrupted hemoglobin synthesis 
Reticulocytes were incubated for 20 minutes in buffer with or 
without a-amino-s-chlorobutyric acid, 5 X 10°? m. The flasks 
were cooled in ice and microsomes isolated from the pooled con- 
tents of 2 flasks. The second incubation contained microsomes 
(2 mg. of protein); soluble extract (35 mg. of protein); and iron 
(4.0 ug., 2.4 X 10° c.p.m.). Two flasks in Experiment 2 also con- 
tained inhibitor, 8 X 10-?m. The incubation was performed for 
30 minutes in Experiment 1, and 15 minutes in Experiment 2. 





Iron incorporation mediated by microsomes 
from cells 














Preincubated with buffer 
A | containing a-amino-f- 
Protein of chlorobutyric acid 
Princckated |_—$—$ $$ _$___.. 
in buffer Incubation with 
Incubation in | a@-amino-s- 
normal medium! chlorobutyric 
| acid 
| 
c.p.m./mg. protein 
Experiment 1 | 
Microsomes 305 + 1* | 282 +7 
Soluble fraction 31.3 + 1.6) 37.3 + 0.4! 
Experiment 2 | 
Microsomes 161 + 1 151 + 11 | 94. 
Soluble fraction 





4.9 + 1.7 
69.9 + 2.1) 69.5 + 0.5) 70.6 + 1.2 





* Deviation from the mean of duplicate incubations. 


cubation of cells with the valine analogue did not interfere with 
this function of reticulocyte microsomes. The analogue was 
without effect when incubated with intact cells before the isola- 
tion of microsomes (Experiment 1) or when this preincubation 
with the analogue was followed by its direct addition to the iron 
incorporation system (Experiment 2). The results suggest that 
microsomes which are inhibited in the synthesis of globin can 
still participate in what may be the final stage of hemoglobin 
synthesis, the incorporation of iron. 


Interruption of Hemoglobin Synthesis by Valine Analogue 


Vol. 234, No.8 


Hemoglobin 
(Globin- -Heme) 
—sile of possible heme or iron 
exchange 











Globin- - Heme —iron incorporating microso- 
] mal protein 
on | proto- 
micro- porphyrin, 
somal iron 
parti- 
cle aa2—aai— 
—protein assuming configura. 
tion of globin 
aas—aay— 
—sile of a-amino-8-chlorobutyric 
acid inhibition 
—preliminary protein 


—aai—aa2—aa;—aay— 


: b | —site of amino acid exchange 
@a; @&2 Aas aay —free or/and activated amino 
acids 


Fig. 6. Diagrammatic representation of reactions postulated in 
text. 


DISCUSSION 


Locus of Inhibition—The block in hemoglobin synthesis and 
the concomitant accumulation of incorporated radioactive amino 
acid in the microsomal protein indicate that the inhibition may 
occur at a site after the incorporation reaction but before the 
release of a completed protein molecule. In view of the general 
ability of amino acid antagonists to be incorporated, the results 
suggest that a-amino-8-chlorobutyric acid enters into a precursor 
protein associated with the ribonucleoprotein particles, which 
then is unable to assume the proper configuration of hemoglobin 
(Fig. 6). The failure of the synthetic site to release completed 
protein thus might cause an accumulation of earlier protein in- 
termediates along the pathway. 

Neither o-fluorophenylalanine (20) nor a-amino-8-chlorobu- 
tyric acid? interfered with the protein synthetic process of the 
Ehrlich ascites tumor cell. The ability of the valine analogue to 
interrupt protein synthesis is therefore not only determined by 
its structure, but is also a function of the specific protein synthetic 
system. The structure of the protein synthesized may also bea 
factor in determining whether an analogue could be accepted 
within its framework. In this regard, it is of interest that valine 
is the sole N-terminal residue of rabbit hemoglobin (21), and its 
role in this location could play a part in the inability of the ans- 
logue to substitute for it during the terminal phases of protein 
synthesis. 

Incorporation as Protein Synthesis—The observation by Bor. 
sook et al. (8) that an amino acid mixture and iron stimulated 
the incorporation of a single radioactive amino acid into hemo- 
globin implied the participation of other components in the in- 
corporation process and thus supplied evidence that the major 
fraction of amino acid incorporation was due to synthesis @ 
protein from free amino acids. The results reported in this 
communication support and extend this observation. Neither 
phenylalanine nor lysine was incorporated into hemoglobin when 
the incorporation of valine was inhibited. The obligatory par- 
ticipation of component amino acids indicates that all incorpors- 
tion of amino acids into hemoglobin is by protein synthesis, and 


2M. Rabinovitz and M. E. Olson, unpublished observations. 
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that there is no independent mechanism for exchange of amino 
acids with corresponding residues in the complete hemoglobin 
molecule. 

Exchange at Synthetic Sites—Gale and Folkes (22) reported that 
labeled amino acids incorporated into the total protein® of dis- 
rupted Staphylococcus aureus preparations were displaced on in- 
cubation with the unlabeled amino acid and an energy source. 
Such exchange was not found in incorporation studies with rat 
liver microsomes (25) or calf thymus nuclei (26). 

The demonstration of exchange between free and incorporated 
amino acid in the intact rabbit reticulocyte suggests that such a 
phenomenon may influence the magnitude of unequal labeling 
(27) of an amino acid within the hemoglobin molecule (28) as well 
as the apparent time for synthesis of a molecule of the protein 
(29). Indeed, any estimation dependent upon precise determi- 
nations of initial incorporation rates would be subject to errors 
introduced by such equilibration. This phenomenon, however, 
may occur only when the synthetic pathway is inhibited or func- 
tioning at a suboptimal rate, and may not be a major factor in 
the normal protein synthetic system. 

Preformed Protein Precursors—The ability of microsomes with 
a blocked pathway of globin synthesis to participate in the in- 
corporation of iron into hemoglobin demonstrates that these 
two aspects of hemoglobin synthesis are easily dissociated. Al- 
though this dissociation indicates the availability of globin (16) 
which can act as an acceptor for heme, the possibility exists that 
this protein is hemoglobin, and that the reaction observed is 
heme or iron exchange at the synthetic site. 

London et al. (30, 31) have described a similar dissociation in 
intact duck erythrocytes. They produced a larger inhibition 
of glycine incorporation into globin as compared to incorporation 
into heme by adding adenosine, varying the tonicity of the me- 
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dium or the temperature of the incubation. The two processes 
are more closely linked in the intact rabbit reticulocyte (32). 


SUMMARY 


a-Amino-8-chlorobutyric acid was prepared from allothreonine 
and found to be a potent antagonist for valine incorporation into 
protein of rabbit reticulocytes in vitro. The diastereoisomer, 
prepared from threonine, had about one-fifth its antimetabolic 
activity. 

The analogue prepared from allothreonine completely inhib- 
ited the incorporation of phenylalanine and lysine into hemoglo- 
bin. This inhibition was completely prevented or relieved by 
valine. The valine requirement for the incorporation of phenyl- 
alanine and lysine into hemoglobin indicates that all amino acid 
incorporation into this protein requires participation of compo- 
nent amino acids. On this basis, the incorporation of amino 
acids into hemoglobin may be considered as protein synthesis. 

Microsomal particles isolated from cells with a blocked path- 
way of hemoglobin synthesis are able to participate in the incor- 
poration of iron into hemoglobin. 

The results are consistent with the postulation that the ana- 
logue enters a precursor protein which is unable to assume the 
proper configuration of hemoglobin. The failure to release com- 
pleted protein molecules causes an accumulation of protein in- 
termediates in the synthetic pathway. This accumulation is 
prevented by valine. Phenylalanine incorporated into protein 
of the blocked synthetic pathway can exchange with free pheny]- 
alanine in the medium. 


Acknowledgments—We are grateful to Professor D. M. Green- 
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and to Dr. M. Rothstein for a gift of lysine-1-C™. 
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Pyrimidine Metabolism 


IV. A COMPARISON OF NORMAL AND REGENERATING RAT LIVER* 
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It has been shown that uracil can be incorporated into ribo- 
nucleic acid of the normal rat tissues (2). However, this incor- 
poration becomes significant only when the enzymes associated 
with the catabolism of uracil are saturated with their substrates. 
When this is achieved, the incorporation of uracil into RNA in- 
creases with substrate concentration. At high concentrations 
the extent of incorporation of uracil, uridine, uridylic acid, and 
of orotic acid into RNA becomes of the same order of magnitude. 

These experiments showed further that an inverse relationship 
exists between the capacity of a tissue to synthesize RNA and 
its capacity to degrade uracil. A group of normal, nondividing 
tissues (rat and mouse liver) has been shown to have a high 
catabolic capacity for uracil and a low capacity to incorporate 
uracil into RNA. In contrast, a group of normal but rapidly 
dividing tissues (intestinal mucosa, regenerating rat liver) and 
also a group of abnormal tissues (hepatomas (2) as well as Ehr- 
lich ascites cells (3)) have a low capacity for the degradation of 
uracil, whereas they actively incorporate this pyrimidine into 
RNA. An interplay between the degradative and the synthetic 
pathways for uracil could constitute an important means for 
the control of RNA synthesis. From a consideration of these 
facts the possible existence of a cellular homeostatic mechanism 
involved in the regulation of RNA synthesis was proposed (2). 

In order to explore further the details of such a homeostatic 
mechanism we have studied the changes which occur in the ana- 
bolic and catabolic capacities of enzymes involved in nucleic 
acid metabolism. The aim has been to contrast these capacities 
in normal rat liver with those occurring in rat liver during the 
course of regeneration induced by partial hepatectomy. Varia- 
tions in the catabolic and anabolic rates could then be considered 
to reflect changes in the state of growth in cell types of like origin. 

The results of these experiments give additional support to the 
contention that a homeostatic mechanism exists for the control 
of RNA synthesis. Evidence will also be presented which indi- 
cates that similar mechanisms may control the metabolism of 
thymine as well as that of thymidine 5’-phosphate and conse- 
quently exert an effect on DNA synthesis. Based on the results 
of this and previous work we wish to suggest that a transition 
from a high catabolic-low anabolic capacity to the inverse situa- 


* A preliminary report of this communication has been pre- 
sented (1). This investigation has been supported in part by 
grants from the American Cancer Society and from the National 
Institutes of Health, United States Public Health Service. 

t Postdoctoral Fellow in Pharmacology, training grant CRTY- 
5012, United States Public Health Service. 

t Predoctoral Fellow in Pharmacology, training grant CRTY- 
5012, United States Public Health Service. 


tion, in the reactions studied, may represent a necessary part of 
the process related to growth. 


EXPERIMENTAL 


Male albino rats, Sprague-Dawley x Wistar hybrids,! 180 to 200 
gm., were partially hepatectomized under ether anesthesia, ac- 
cording to the procedure of Higgins and Anderson (4). After the 
hepatectomy, which was always performed between 9:00 and 
11:00 a.m., the animals were returned to a normally lighted, 
temperature-controlled room. Purina laboratory chow and 
water were provided at all times. During one session a sufficient 
number of animals was hepatectomized to permit groups of at 
least three rats to be killed at 12-hour intervals after hepatectomy 
during a 6-day period. This procedure was repeated at another 
time and the data were pooled, so that each value in Fig. 1 repre- 
sents the average mitotic count of six animals. 

After decapitation of each animal the liver was removed im- 
mediately. A small portion of each of the two lobes was fixed 
in Bouin’s solution for subsequent histological examination, and 
the bulk of the tissue was used for the enzymatic assays. The 
tissues saved for histological examination were embedded in 
paraffin, sectioned at 5 u, and stained with hematoxylin and 
eosin. Mitotic activity in these rat livers at 12-hour intervals 
after partial hepatectomy was determined by dividing the surface 
of each section into high power microscopic fields (430) and 
counting the number of cells in any phase of mitosis contained 
therein. Two hundred fields were scored for each sample of 
liver, and, for convenience, an average count was recorded as the 
number of dividing cells per 100 high power fields. The mitotic 
counts of six different rat livers were used to establish the mean 
relative mitotic activity at each 12-hour interval after partial 
hepatectomy. 

The remaining liver was sliced free-hand and 1.5 gm. of liver 
slices were incubated with 0.518 umole of uracil-2-C™ for 9 
minutes at 37°, with shaking, in an air atmosphere in the pres- 
ence of 5 ml. of the medium previously described (2). The re- 
sults presented for the extent of uracil degradation are the aver- 
age values of six samples. In each experiment duplicate control 
studies were performed; the values obtained were relatively con- 
stant throughout the experiment. These experiments also were 
repeated at other times and similar results were obtained. 

The degradation of thymine-2-C™ was measured under con- 
ditions similar to those described for uracil except that each 
value obtained represents the average of five to six samples 


1 Obtained from the Charles River Breeding Laboratories, Inc., 
Boston, Massachusetts. 
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obtained from two rat livers in the presence of 0.10 umole of 
thymine-2-C", and 0.5 gm. of liver slices and with a 20-minute 
incubation period. Mitotic index was not measured in these 
experiments. 

The C-labeled deoxyribonucleotides were the same as those 
previously described (5). The methods of assay used in these 
experiments also have been described (2). We are indebted to 
Dr. W. Prusoff for the thymine-2-C™ used in these experiments. 


RESULTS 


Time Relationships of Mitotic Index and of Catabolic Capacities 
of Regenerating Rat Liver Slices for Uracil—In Fig. 1 are plotted 
the variations with time obtained for the mitotic index in re- 
generating rat liver. These variations follow the same pattern 
of diurnal variation previously described (6) and show that the 
high mitotic index is obtained in the morning with a low level 
attained in the night. This relationship remains constant re- 
gardless of the time of hepatectomy. If the partial hepatectomy 
had been performed at night the time-sequence would have 
remained the same in that the maxima and minima would have 
occurred at the same time of day as described above. As Fig. 1 
shows, under the conditions of these experiments the first increase 
in the mitotic index occurred 24 hours after partial hepatectomy 
and most of the mitotic activity ceased after 96 hours. 

The capacity of regenerating rat liver slices to degrade uracil- 
2C™ decreases within 12 hours after hepatectomy and remains 
at a relatively constant but low level for about 96 hours. After 
this time it begins to increase and returns to normal within 120 
hours after hepatectomy. This constant but low level of cata- 
bolie activity contrasts with the variability observed in the mi- 
totic index. 

Variation with Time in Degradative Capacity of Slices of Re- 
generating Rat Liver for Thymine-2-C'\—Table I shows that the 
capacity of regenerating rat liver slices to degrade thymine-2-C™ 
remains equal to that of control tissue for 12 hours after hepa- 
tectomy; it is then reduced to, and remains at, a low level up to 
9 hours after regeneration. This experiment was not pursued 
beyond 96 hours, but the same essential features were found 
to hold true for the degradation of thymine that have been de- 
scribed for the degradation of uracil. 

Phosphorylation of Deoxyribonucleotides by Extracts of Normal 
and Regenerating Rat Liver—Extracts of normal and regenerating 
rat liver are able to convert the 5’-monophosphates of adenosine, 
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Fig. 1, Variations in mitotic activity and degradative capacity 
of rat liver after following partial hepatectomy. Mitoses meas- 
ured as number of mitoses per 100 high power fields (HPF). 
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TaBLe I 
Degradation of thymine-2-C™ by slices of regenerating rat liver 








Time after hepatectomy Per cent of control 





hrs. 

12 90 
24 56 
48 47 
72 50 


96 48 


TABLE II 


Phosphorylation of deoryribonucleotides by extracts of 
normal and regenerating rat liver 





Per cent distribution of deoxyribonucleotides 


Normal rat liver Regenerating rat liver 
C'-substrate . € 























Mono-| Di- | Tri- |Mono-| pDi- | Tri- 
| phos- | phos- | phos- | phos- | phos- | phos- 
phate | phate phate | phate | phate | phate 
— —| | — —EE om —_ 
Deoxyadenylic acid..... / 10 | 10 | 80 10 10 80 
Deoxyguanylic acid... | 10 | 30 | 60 5 10 85 
Deoxyeytidylic acid..... 10 | <5 | 90 | 10 10 80 
Thymidylic acid..... | 0% |} <6 | <5 5 5 90 








guanosine, and cytidine to the corresponding triphosphates, as 
shown in Table II. In addition, this table shows that whereas 
extracts of regenerating rat liver are able to convert thymidine 
5’-phosphate into the triphosphate, similar extracts prepared 
from normal rat liver do not have this capacity to any appreciable 
extent. These results are representative of a variety of methods 
of extraction and of various preparations. 


DISCUSSION 


The mitotic index shows diurnal variations with large fluctua- 
tions between the morning and the evening values. Three fairly 
equivalent peaks of mitotic activity were observed in this strain 
of rats; these occurred at 24, 48, and 72 hours after partial 
hepatectomy. Although the peaks of mitotic activity always 
appear in the morning hours, the time of appearance of the 
major peaks, as well as the number of such peaks, seems to vary 
in different strains. In the Sprague-Dawley strain of rats, two 
sharp maxima in mitotic activity occur: one at 48 and the other 
at 72 hours after partial hepatectomy (6). In the Wistar strain 
two maxima also occur; in this case, however, the first is observed 
at 24 and the second at 48 hours after partial hepatectomy (7). 
Interestingly enough the Slonaker strain appears to show only 
one major peak of mitotic activity at 24 hours (8). 

The rate of uracil breakdown in the liver decreases immediately 
after hepatectomy, remains at a low level, and finally returns 
to normal after about 100 hours following the operation when 
most of the process of regeneration has taken place. During 
this period of low catabolic activity an increased synthesis of 
RNA occurs, as has been shown by Hecht and Potter (9) as well 
as by other investigators (10-14). In a similar series of experi- 
ments, it has been shown (2) that when liver slices are incubated 
in a medium containing uracil, uridine, or uridine 5’-phosphate 
in concentrations 10-fold higher than those used in these experi- 
ments, it was possible to increase the rate of their incorporation 
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into RNA. Such high levels of uracil probably do not obtain 
under the conditions ordinarily encountered in vivo. However, 
the decrease in the capacity for uracil catabolism noted after 
partial hepatectomy would tend to conserve uracil and its deriva- 
tives (either preformed or from orotic acid), and thus increase 
their concentration in the acid-soluble pool. A concomitant 
result of this conservation might be the observed increase in the 
rate of RNA synthesis. At the present time it is not possible 
to evaluate the effect of the tissue uracil pool size on the relative 
dilution of the added radioactive uracil, but experiments along 
these lines are in progress. 

The experiments which relate to the degradation of thymine 
point out a basic similarity in the metabolism of thymine and 
uracil, In a system in which nucleic acids must be synthesized, 
a prior event is the decrease in the activity of those enzymes asso- 
ciated with the catabolism of precursors. The capacity of re- 
generating rat liver to degrade thymine falls to about 40 per 
cent of normal within 24 hours after hepatectomy and remains 
low for at least 96 hours. Since the results obtained for thymine 
and for uracil were derived from different experiments, it would 
be hazardous to emphasize the relative timing for the decreases 
in catabolic capacities observed for these two pyrimidines. Vari- 
ous investigators (9, 11, 13-15) have shown that the synthesis of 
deoxyribonucleic acid also increases during the process of re- 
generation. All these reactions return to normal rates upon 
completion of regeneration. 

Whereas the deoxyribonucleotides of cytosine, adenine, and 
guanine can be phosphorylated by both normal and regenerating 
rat liver, only the regenerating liver is able appreciably to phos- 
phorylate thymidine 5’-phosphate. Kornberg (16) and Bessman 
et al. (17) have demonstrated that in an enzyme system ob- 
tained from Escherichia coli, the synthesis of DNA is greatly 
enhanced in the presence of a full complement of the deoxyri- 
bonucleoside triphosphates which function as precursors; this is 
in contrast to the very low rate of polymerization observed when 
even one of these precursors is lacking. Bollum and Potter (18) 
as well as Mantsavinos and Canellakis (19) have demonstrated 
a similar phenomenon with enzymes extracted from regen- 
erating rat liver which incorporate deoxyribonucleotides into 
DNA. Since the substrate concentration of all deoxynucleotides 
involved in the synthesis of DNA is critical, it is apparent that 
the concentration or activity of an enzyme system responsible 
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for the synthesis of a precursor for the polymerization reaction 
would afford a regulatory mechanism for the synthesis of DNA, 
As a corollary of this hypothesis it might be possible that varia- 
tions in the levels of these enzymes may result in correspondingly 
graded capacities of a tissue to synthesize DNA. This key sys- 
tem appears to involve an enzymatic mechanism concerned with 
the conversion of the monophosphate of thymidine to the tri- 
phosphate. 

In the accompanying formulation (Scheme I) we have at- 
tempted a summary of our studies as they pertain to the existence 
of an homeostatic mechanism related to the regulation of nucleic 
acid synthesis. Nondividing tissues have active catabolic path- 
ways which would make uracil, thymine, and their phosphorylated 
derivatives unavailable for synthetic reactions. This plus the 
block at site 1 results in both a direct inhibition of the synthesis 
of DNA and a further indirect inhibition of the formation of 
RNA. Regenerating rat liver and other actively dividing cells 
phosphorylate TMP and in addition are blocked at site 2. This 
impediment would tend to channel the anabolic products of these 
pyrimidines toward the synthesis of the nucleic acids. From 
the work of Reichard and Skold (3) it appears that in the Ehrlich 
ascites cells and in regenerating rat liver? an increased synthesis 
of nucleotides from uracil can be observed. Therefore, this 
would further accelerate the reactions along the path of synthesis 
of RNA and indirectly along that of DNA synthesis. 

Our principal concern in these and related studies has been 
to evaluate the enzymatic activities under experimental condi- 
tions most closely approximating those of the intact cell under 
normal conditions. For this reason, when possible, whole cell 
preparations rather than homogenates have been utilized. This 
technique gives a measure of the effective enzyme levels, which 
may be defined as the operating level of the enzyme in the cell 
under the conditions of assay. The effective enzyme level may 
well be different from the maximal enzyme capacity, since op- 
timal conditions, i.e. pH, substrate concentration, and so on, 
may not exist within the cell. In addition, cellular localization 
of the enzyme or side reactions which may be competing for the 
substrate or product would affect enzyme rates. A measure of 
the total enzyme content extractable from the cells by homoge- 
nization or other procedures is, when the enzymes investigated 
are not unduly labile, an indication of the maximal enzyme po- 
tential of the cell and need not reflect their effective level in the 
cell. The interpretation of data such as these presented is 
fraught with uncertainties, predominant among which is the 
relevancy of the correlated variables to the biological phenome- 
non under study. We believe that measuring the effective en- 
zyme level rather than the enzyme potential of the cell at least 
increases the significance of the measurements. 

The high catabolic and low anabolic capacities with respect to 
uracil and thymine, observed in normal, nondividing tissues, 
contrasts sharply with the low catabolic and high anabolic ca- 
pacities noted in growing tissues. This could represent a crucial 
transition occurring in the process of growth and malignancy. 


SUMMARY 


1. Regenerating rat liver shows a 24-hour rhythmicity in 
mitotic activity with the higher activity occurring in the morm- 
ing. In the Sprague-Dawley x Wistar hybrid rats three major 
peaks of mitotic activity are apparent which occur at 24, 48, and 


? Drs. O. Skold and P. Reichard, personal communications. 
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72 hours after hepatectomy. 


These results are compared with 


those obtained by other authors with other strains of rats. 
2. The capacity of slices of regenerating rat liver to degrade 
uracil and thymine is lower than that of normal rat liver. 
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thymidine triphosphate as compared to extracts of normal rat 
liver. 


4. From a consideration of these observations it is proposed 


that a cellular homeostatic mechanism exists which is involved 


3. Extracts of regenerating rat liver have an appreciably in the regulation of ribonucleic and deoxyribonucleic acid syn- 
greater ability to phosphorylate thymidine 5’-phosphate to _ thesis. 
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Various examples of oxidation of purine molecules in positions 
8 and 2 by xanthine oxidase have been reported. The conver- 
sions of the natural purine substrates, xanthine and hypoxanthine 
to uric acid (1) and of adenine to 2,8-dihydroxy-6-aminopurine, 
are well known. The oxidation of the purine antimetabolites, 
6-mercaptopurine to 6-thiouric acid (2), 2,6-diaminopurine to 
2,6-diamino-6-hydroxy purine (3), adenine 1-N-oxide to 8-hy- 
droxy adenine 1-N-oxide (9), and of 2-azaadenine and 2-azahy- 
poxanthine, to the respective 8-hydroxy products (4) have more 
recently been described. 

The synthetic antimetabolite 6-chloropurine (5) has been 
shown to possess essentially the same carcinostatic properties in 
man and experimental animals (6-8) as the more widely used 
6-substituted purine antimetabolites but, unlike these, does not 
inhibit the growth of various purine-dependent bacteria.! In 
addition, the ready reactivity of its 6-halo substituent, which 
has made 6-chloropurine a useful intermediate in the synthesis 
of other purines (5), offered a promising means of converting 
trace quantities of starting drug and metabolites to known com- 
pounds for which reliable isolation procedures are available. 
These unique physiological and chemical properties of 6-chloro- 
purine have prompted a study of its metabolism, the aspects in 
vitro of which are described here. 


EXPERIMENTAL 


Materials and Methods 


6-Chloropurine was obtained from Francis Earle Laboratories, 
Inc. and recrystallized from water before use. Xanthine oxidase 
prepared according to Ball (10) from fresh unpasteurized cream 
supplied by the Department of Dairy Technology, University of 
Maryland, was used interchangeably with commercial milk 
xanthine oxidase purchased from Worthington Biochemical Com- 
pany. Purified uricase and beef liver catalase were obtained 
from the Worthington Biochemical Company. Ultraviolet and 
infrared spectra? were made, respectively, on Beckman DK-2 
and IR-7 recording spectrophotometers and kinetic studies car- 
ried out on the former instrument with a time drive attachment. 
Manometric measurements were carried out in an Aminco War- 
burg apparatus at 38°. 


1 Dr. J. Burchenal, personal communication. 

2 The authors are indebted to Dr. Henry Fales and Mrs. Cather- 
ine Warren of the Laboratory of the Chemistry of Natural Prod- 
ucts, National Heart Institute, for their help in obtaining and 
interpreting the infrared spectra presented here. 


RESULTS 


Oxidation of 6-Chloropurine—Incubation of 6-chloropurine with 
whole homogenates and various fractions of rat liver failed to 
show any oxygen uptake above the endogenous respiration of the 
tissues; rather, an inhibition, more or less proportional to 6- 
chloropurine concentration was observed in every case. When 
incubated with purified xanthine oxidase and catalase in phos- 
phate buffer, pH 7.5, no oxidation of 6-chloropurine was detect- 
able manometrically over a period of 1 hour. However, when 
6-chloropurine was incubated with large quantities of enzyme, a 
slow change in its absorption spectrum became evident. A peak 
at 320 mu appeared and slowly increased, with a concomitant 
decrease in absorption at 266 my, the Amax of 6-chloropurine at 
pH 7.2. Examination of full spectra showed a series of succes- 
sive bathochromic shifts throughout the entire range 265 to 320 
my not accountable for as summation spectra of substrate and 
product alone, suggesting the presence of an intermediate oxida- 
tion product. 

Isolation and Structure of 6-Chloropurine Oxidation Product— 
6-Chloropurine, 15 mg., was incubated at 38° with 8000 units? of 
freshly prepared xanthine oxidase and 6000 units‘ of catalase in 
a total volume of 200 ml. of 0.1 mM phosphate buffer, pH 7.2. 
Small aliquots were withdrawn periodically, and after precipita- 
tion of protein and excess salt by the addition of 9 volumes of 
absolute ethanol, the supernatant solution was diluted with one- 
half volume of 0.05 m phosphate buffer pH 7.2 and the ratio 
Asx to Ax was determined. At 36 hours this ratio achieved a 
constant value of 4.1 to 1. The mixture was treated with aleo- 
hol as above, and the supernatant solution evaporated to dryness 
ina vacuum. The residue was taken up in 50 ml. of water and 
passed over a water-washed 8- X 120-mm. column of magnesol: 
celite, 1:2.6 A dark yellow band of flavenoid impurity was re- 
tained at the top of the column. The first 25 ml. of effluent 
were discarded. The following 50 ml. of combined effluent and 
water-wash were concentrated to a volume of 2.5 ml. and placed 
on a second column of the same size and composition. This was 
developed with water and 2.0-ml. fractions collected. Tubes 3 
and 4 contained a small quantity of unchanged 6-chloropurine; 


3 A unit of xanthine oxidase activity is defined as that causing aD 
increase in O.D. of 0.001 per minute at room temperature and pH 
7.2 in the presence of hypoxanthine, 7.0 wg. per ml. 

4 By label. 

5 Magnesol is diluted with two parts by weight of celite to in- 
crease the impractically slow rate of flow of aqueous systems 
through the pure adsorbent. 
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Fic. 1. Spectra of oxidation product obtained from 6-chloro- 
purine in presence of xanthine oxidase. Each sample, 6 X 10-'m, 
recrystallized product in 0.1 m buffers of pH values indicated (in 
decreasing order of acidity; acetate, phosphate and carbonate). 
Curves are as obtained on Beckmann DK-2 recording spectro- 
photometer. O.D. values are not in exact agreement with those 
obtained manually on the Beckmann DU spectrophotometer, and 
for purposes of determining exact « values, the latter were used. 


Tubes 4 to 6 showed a small absorption with a maximum in the 
range 285 to 290 my, presumably due to an intermediate oxida- 
tion product, either 6-chloro-8-hydroxy purine or 6-chloro-2- 
hydroxy purine.* The final oxidation product, 6-chloro-2,8- 
dihydroxy purine (6-chlorouric acid) was concentrated in Tubes 
7 to 11, with Tubes 8 and above, showing a constant value for 
Ajo0 to Ags Of 4.4:1. The total quantity of 6-chlorouric acid, 
based upon an €329 of 10,400 (see below) was 12.5 mg. (76 per 
cent over-all yield). Tubes 8 to 11 were combined, and after 
high speed centrifugation to remove minute particles of magnesol 
suspended throughout the eluate, concentrated in a vacuum to 
1.5 ml., and stored overnight at 0°. The small crop of yellow- 
brown crystals obtained was once recrystallized from boiling 
water to yield 680 ug. of colorless rods which decomposed, with- 
out melting, over the range 215-230°. 

The synthesis of 6-chlorouric acid, which has never been re- 
ported, was not attempted here. Rather, the assignment of this 
structure to the oxidation product of 6-chloropurine is presumed 
on the basis of the following criteria. 

Since the chlorine substituent in 6-chloropurine is readily re- 
placed by hydroxyl through acid hydrolysis (5), 6-chlorouric 
acid would be expected to yield uric acid under these conditions. 
In Figs. 2 and 3 are compared, respectively, the ultraviolet spec- 
tra at various pH values, and the infrared spectra of authentic 
wie acid with those of our oxidation product after boiling for 2 
hours in 0.5 N HCl. For the infrared spectrum, the product was 
twice crystallized by precipitation from acid solution. Further, 
arecrystallized sample of the hydrolyzed oxidation product was 
destroyed by uricase at the same rate as authentic uric acid.’ 


‘Equally good precedent for either intermediate is available 
since hypoxanthine is first oxidized in the 2-position, and adenine 
in the 8-position. 

7Samples of hydrolysate, except those subjected to prolonged 
hydrolysis, contained enough unconverted 6-chlorouric acid, as 
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Fic. 2. Spectra at pH values indicated for authentic uric acid 
(solid lines) and acid-hydrolyzed 6-chloropurine oxidation product 
(broken lines). The three samples of each material are aliquots 
of equal concentration. 





Before isolation of crystalline 6-chlorouric acid, the €329 of this 
product had been calculated by hydrolyzing to completion® an 
aliquot of a standard solution prepared by dilution of Tube 9 of 
the magnesol-celite eluate, and comparison of the Aogo of the 
uric acid thus obtained, with the A420 of an unhydrolyzed aliquot. 
This procedure yielded a value for €329 of 10,500 and, based upon 
the assumption that the unhydrolyzed product was 6-chlorouric 
acid, a value for E,'%, of 565. Subsequent direct determina- 
tion of the latter constant for a recrystallized sample of oxidation 
product yielded the same value, establishing its molecular weight 
as 186, the theoretical value for 6-chlorouric acid. 

The acid dissociation constants for 6-chlorouric acid were de- 
termined from a plot of Amax against pH (Fig. 4). Values ob- 
tained for pK,' and pK,? were 5.75 and 9.95, respectively. Val- 
ues obtained for the known compounds, 6-chloropurine and uric 
acid, were in close agreement with those obtained photometri- 
cally (5) and potentiometrically (11) by other workers, confirming 
the validity of this method, which we have found to be more 
convenient and less subject to errors, both of technique and 
interpretation, than the conventional method of plotting « with 
respect to pH (12). The two breaks in the 6-chlorouric acid 
curve suggest the presence of two ionizable acid groups, a ring 
nitrogen (pK, 5.75) and a phenolic group (pK, 9.95). The con- 
stant value of Amax in strong alkaline media precludes the pres- 
ence of a second ionizable hydroxyl group such as that in uric 
acid, which is evidenced by a third break in the curve above pH 
13 (not shown in Fig. 4). The change in direction of shift in 
max Of 6-chlorouric acid with increasing pH (bathochromic at 
pH 5.75 and hypsochromic at pH 9.95) seems unique among 
purines and pyrimidines and renders interpretation of € against 
pH data quite subject to ambiguity. 

Inhibition of Xanthine Oxidase by 6-Chloropurine—The oxida- 





evidenced by a small shoulder at 320 my (Fig. 2), to inhibit uricase 
almost quantitatively. 

8 Hydrolysis was considered complete (after 5 to 6 hours’ vigo- 
rous reflex) when an aliquot caused no inhibition of uricase activ- 
ity upon admixture with a standard uric acid sample. 
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Fic. 3. Infrared spectra in KBr micropellets. 
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Upper curve, authentic uric acid, 64 wg. in 15 mg. of KBr; middle curve, acid 


hydrolyzed 6-chloropurine oxidation product (crystallized from dilute HCl), 80 wg. in 17 mg. of KBr; lower curve, 6-chloropurine 


oxidation product, 48 wg. in 15 mg. of KBr. 


No basis for quantitative comparison of individual spectra is available, since, for each 


sample, varying degrees of attenuation of the reference beam by use of wire mesh were required. The dotted line at 1100 cm. 
indicates change in grating order and concomitant changes in sensitivity and resolution peculiar to the Beckmann IR-7 instru- 


ment. 


tion of xanthine and hypoxanthine was found to be partially 
inhibited by 6-chloropurine but not by 6-chlorouric acid, even 
in concentrations 4 times that of the substrate. Double recip- 
rocal plots of velocity against substrate concentration revealed 
this inhibition to be competitive when xanthine is the substrate 
(Fig. 5), and a K; of 3.5 x 10~® was calculated for the xanthine 
oxidase-6-chloropurine complex. The extremely slow over-all 
rate of 6-chloropurine oxidation by xanthine oxidase indicates a 
value for ks in 

ky ks 

> ES = 
ke 








E+S8 >P+E 


sufficiently small in comparison to k; to permit equation of K,, 
with K;. 
Because of the impractically small apparent values for K,, and 


kz, the direct determination of K,, by either spectrophotometric 
or manometric methods was rendered impossible. A second 
indirect method was therefore investigated. The normal purine 
substrates of xanthine oxidase and the antimetabolite, 6-mercap- 
topurine, have been reported able to catalyze the oxidation of 
inorganic sulfite by milk xanthine oxidase (13), and this system 
has been applied to the determination of K,, values for xanthine 
and hypoxanthine oxidation (17). The effect of 6-chloropurine 


upon this sulfite oxidase system was examined manometrically. 
6-Chloropurine, unlike the other xanthine oxidase substrates was 
completely without effect in catalyzing sulfite oxidation by xan- 
thine oxidase. The rate of hypoxanthine-catalyzed sulfite oxi- 
dation, as determined by the difference between O2 uptake of 
comparable systems containing hypoxanthine alone or hypoxan- 
thine plus sulfite, was not significantly affected by the presence 
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Fic. 4. Determination of acid pK, constants. 
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Fic. 5. Competitive inhibition of xanthine oxidation by 6-chlo- 
rpurine. Velocity was determined as micromoles per minute; 
substrate concentration, as micromoles per milliliter. 
concentration and K,, are expressed in moles per liter. Meas- 
lrements were carried out in 0.1 m phosphate buffer, pH 7.5. 


Inhibitor 


of 6-chloropurine, even in quantities capable of very marked 
inhibition of hypoxanthine oxidation (Fig. 6). 

Uricase Inhibition by 6-Chlorouric Acid—In preliminary experi- 
ments designed to confirm the identity of uric acid as the product 
formed upon acid hydrolysis of our oxidation product, uricase 
was found unable to destroy the characteristic uric acid absorp- 
tion (290 mu) of our samples. Examination of full spectra of 
these samples revealed a small residual absorption at 320 mu 
presumably due to unconverted 6-chlorouric acid equivalent to 
less than 5 per cent of the original concentration (Fig. 2). Mix- 
tures containing equal volumes of these samples and authentic 
uric acid solutions of approximately the same concentration were 
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Fic. 6. Oxidation of sulfite by xanthine oxidase and effect of 
hypoxanthine and 6-chloropurine. Each flask contained 1000 
units of xanthine oxidase, 500 units of catalase, 10.0 umoles of 
sodium sulfite, and, where so indicated, 0.5 umole of hypoxanthine 
(H2X) and/or 1.0 uwmole of 6-chloropurine, in a final volume of 
2.5 ml. of 0.1 m phosphate buffer, pH 8.0. 
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destroyed by uricase at a rate less than 1 per cent that of the pure 
uric acid alone, indicating a very strong inhibition of uricase by 
6-chlorouric acid. Using weighed quantities of recrystallized 
6-chlorouric acid, the upper limit of concentration which per- 
mitted a reproducibly detectable rate of uricase activity was 
found to be 0.05 wg. per ml. in the presence of 0.1 umole of sub- 
strate per ml. Plotting of reaction rates by the Lineweaver- 
Burk method revealed this inhibition to be competitive, and 
gave a K; value for 6-chlorouric acid of 6.0 x 10-* (Fig. 7). 


DISCUSSION 


The synthesis of 6-chloro-2,8-dihydroxy purine (6-chlorouric 
acid), unlike that of its two positional isomers, has never been 
reported. Attempted syntheses in this laboratory by diazotiza- 
tion of 6-amino-2 ,8-dihydroxypurine followed by Sandmeyer’s 
reaction, and by fractionation of the complex mixture of products 
resulting from the direct treatment of uric acid with various 
stoichiometric ratios of phosphorous oxychloride have proven 
unsuccessful. 

Despite the unavailability of an authentic reference sample of 
synthetic 6-chlorouric acid, and indeed, of sufficient crystalline 
oxidation product for direct chemical analysis, the following 
criteria should constitute a sufficient body of indirect evidence 
for the identification of our product as 6-chlorouric acid: 

The periodic examination of aliquots of incubation mixture 
shows a progressive bathochromic shift of a magnitude which, 
by analogy to many known purine oxidations, would be expected 
for two successive oxidations of the purine ring with retention 
of the 6-chloro substituent. The absence of a third apparent 
acid dissociation constant in the range pH 13 to 14 (Fig. 4), as 
for uric acid, is consistent with the structure of 6-chlorouric 
acid. The ease of acidic or basic hydrolysis of our product to 
uric acid is strongly suggestive of the known replacement (5) 
of the 6-chloro substituent by hydroxyl. Finally, the consist- 
ency between E,'% as measured directly, and molar ¢ as deter- 
mined indirectly through quantitative hydrolysis of oxidation 
product to uric acid, confirms the theoretical molecular weight of 
186 for 6-chlorouric acid. 

The prolonged incubation period and large concentrations of 
enzyme required for 6-chloropurine oxidation suggest the possi- 
bility that the observed reaction was either a nonenzymic artifact 
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or due to a small amount of contaminant enzyme in the xanthine 
oxidase preparations used. The former possibility was satis. 
factorily negated by the observed inability of boiled or cyanide-in- 
activated enzyme preparations to effect more than minor spectra] 
changes, reflecting a limited hydrolysis of substrate to hypo- 
xanthine. That the oxidation was due to contaminating enzyme 
seems unlikely in view of the constant ratio of oxidation rates of 
xanthine and 6-chloropurine by commercial xanthine oxidase, and 
preparations from fresh cream corresponding to various stages 
of purification in the Ball (10) and Horecker and Heppel (20) 
isolation procedures. Furthermore, the competitive nature of 
the inhibition of xanthine oxidation by 6-chloropurine suggests 
that this substrate is bound at the normal site of purine oxidation. 

The noncompetitive inhibition of xanthine oxidation by 8-aza- 
guanine (14), and competitive inhibition by adenine (15), aza- 
adenine (4), 2,6-diaminopurine (3), and pyrazoloisoguanine and 
pyrazoloadenine (16) have previously been reported. It is of 
interest that 8-azaguanine and its metabolite, 8-azaxanthine, 
provide an analogy to the respective inhibitions of xanthine oxi- 
dase and uricase in vitro by 6-chloropurine and its oxidation 
product (18, 19). 

The magnitude of uricase inhibition by 6-chlorouric acid (K; = 
6.0 X 10-8), together with its complete resistance to oxidation 
by uricase in vitro, and its apparent stability in vivo,® suggest 
the possible utility for this compound as an experimental agent 
for inducing urate retention in animals which depend upon uricase 
as a major catabolic pathway for the end products of purine 
oxidation. 


SUMMARY 


1. The purine antimetabolite, 6-chloropurine, is slowly oxi- 
dized by purified milk xanthine oxidase to 2,8-dioxy-6-chloro- 
purine (6-chlorouric acid), and is a strong competitive inhibitor 
of xanthine oxidation by this enzyme. 

2. 6-Chloropurine is devoid of cofactor activity in the purine- 
dependent “sulfite-oxidase” system, and does not inhibit the 
cofactor activity of hypoxanthine, although competing with the 
latter for sites on the enzyme. 

3. 6-Chlorouric acid has been found to be an extremely potent 
inhibitor of the oxidation of uric acid by uricase. 
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Concurrently with a program of synthetic work in the poly- 
nucleotide field (1-5), we have initiated systematic investigations 
of the properties and specificities of phosphodiesterases and 
nucleases. These studies, it is hoped, will not only lead to pre- 
cise use of the various degradative enzymes as tools in the 
structural analysis of polynucleotides but will also shed light on 
the possible role of such enzymes in the over-all metabolism of 
the nucleic acids. In this communication we report our work 
on the substrate specificity and properties of venom phospho- 
diesterase while the succeeding paper (6) deals with the mode of 
degradation of oligonucleotides by this enzyme. Venom dies- 
terase has been the focus of much interest in recent years. 
Thus, several procedures for its purification have been described 
and a number of observations on its specificity and mode of 
action have been recorded. The relevant literature has been 
reviewed most recently by Heppel and Rabinowitz (7). 


EXPERIMENTAL 


Substrates—Compounds synthesized in this laboratory include: 
di-p-nitrophenyl phosphate, methyl p-nitrophenyl phosphate, 
benzyl p-nitrophenyl phosphate, and nitrophenyl-pU! (8), d- 
prpA, pTpT, and TpT (1), pT pTpT and higher homologues 
(2), uridine-2’ ,3’-cyclic phosphate, and methyl adenosine 5’-phos- 
phate (9). P!, P*-di-(thymidine-5’)-pyrophosphate was synthe- 
sized by the reaction of pT with a half-molar equivalent of 
p-toluenesulfonyl chloride (2). The monobenzyl ester of pA 
was made by the method of Brown et al. (10). TpNP!, TpTpTp, 
and TpTpTpTp were synthesized by Dr. Turner (4). 

Nitrophenyl-pT was kindly prepared by Dr. J. G. Moffatt by 
the following procedure. 

The calcium salt of thymidine 5’-phosphate (2 mmoles, 864 


* This work has been supported by a grant from the National 
Cancer Institute of the National Institutes of Health, United 
States Public Health Service. 

1 The abbreviations used are: Nitrophenyl-pU and nitrophenyl- 
pT, p-nitrophenyl] esters of uridine and thymidine 5’-phosphate, 
respectively; Tp-nitrophenyl, p-nitrophenyl ester of thymidine 
3'-phosphate; ‘‘d’’ in combination with other abbreviations, de- 
oxy. Cyclic oligonucleotides (2) in which the 5’-phosphomono- 
ester end group is involved in phosphodiester linkage with the 
3-hydroxyl group at the other end to form a macro ring are desig- 
nated by the prefix ‘‘cyclo’’ before the standard abbreviation for 
linear oligonucleotides; thus, cyclo-pTpT, cyclic thymidine di- 
nucleotide. Venom diesterase will be referred to simply as di- 
esterase. EDTA, ethylenediaminetetraacetic acid; Tris, tris- 
(hydroxymethy])aminomethane. 
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mg. of the tetrahydrate) was converted to the pyridinium salt 
with Amberlite IR-120 (pyridinium form) resin and taken to 
dryness. The resulting gum was dissolved in pyridine (10 ml.) 
containing triethylamine (0.28 ml., 2 mmoles). The pyridine 
was evaporated to dryness under reduced pressure and the 
residue taken to dryness twice more with pyridine. The final 
residue was dissolved in anhydrous pyridine (75 ml.) and p- 
nitrophenol (2.78 gm., 20 mmoles) and dicyclohexylearbodiimide 
(4.12 gm., 20 mmoles) were added. After 7 days in the dark at 
room temperature, the solvent was evaporated under reduced 
pressure and, after evacuation by an oil pump, the residue was 
dissolved in water (25 ml.) containing sodium hydroxide (2 ml., 
1 n). The aqueous solution was extracted three times with 
ether and passed through a column of IR-120 (acid form) resin. 
The acidic effluent was brought to pH 3.5 with sodium hydroxide 
and repeatedly extracted with ether until the extracts no longer 
gave a yellow color on shaking with aqueous sodium hydroxide. 
It was then evaporated to dryness and the residue dissolved in 
methanol (10 ml.). After removal of a little insoluble material 
by filtration, acetone (50 ml.) and ether (50 ml.) were added 
giving a flocculent white precipitate which was centrifuged, 
washed with acetone and ether, and dried under vacuum at room 
temperature (805 mg.). Paper chromatography in solvent B 
(see “Paper Chromatography”) showed the product to be con- 
taminated with a little thymidine 5’-phosphate which was re- 
moved by chromatography on a cellulose column (20 em. x 3 
cm. diameter) with 75 per cent isopropanol as the eluting solvent. 
The product was found in Fractions 19 to 24 (10-ml. fractions) 
and was cleanly separated from thymidine 5’-phosphate and 
another slower band. The pooled fractions were evaporated to 
dryness, dissolved in methanol, and precipitated by the addition 
of 10 volumes of ether. After drying at room temperature the 
yield was 600 mg. of the chromatographically homogeneous 
sodium salt of nitrophenyl-pT. Calculated for the trihydrate: 
P, 5.97 per cent; found: P, 6.00 per cent; Amsx (pH 2) = 270 my; 
e = 16,250. 

Thymidylyl-(5’-5’)-thymidine—This was prepared by Mr. E. 
H. Pol by phosphorylation of 3’-O-acetyl thymidine (11) with 
p-nitrophenylphosphorodichloridate, 


O 
ox{ -0-H-1 
Cl 





2106 


Preparation of the phosphorylating agent has been described 
elsewhere (4). 

To a solution of 3’-O-acety] thymidine (266 mg.; 0.94 mmole) 
in 5 ml. of anhydrous dioxane were added 120 mg. (0.47 mmole) 
of p-nitrophenylphosphorodichloridate, followed by 1 ml. of 
anhydrous pyridine. The clear solution was left sealed at room 
temperature overnight and was then diluted with 50 ml. of water. 
The product which separated was extracted into chloroform and 
the chloroform solution washed three times with water and then 
dried over sodium sulfate. Evaporation of the solvent gave 227 
mg. of solid, presumably, the neutral p-nitrophenyl] di-thymidine- 
5’-phosphate. This was dissolved in 4 ml. of dioxane, then 10 
ml. of 0.3 Nn sodium hydroxide were added dropwise. The 
resulting yellow solution was kept at room temperature for 2 
hours and then acidified to a pH of about 4 with Amberlite IR- 
120 (acid form) resin. The solution was extracted repeatedly 
with ether to remove p-nitrophenol and examined by paper 
chromatography in solvent A (see “Paper Chromatography’’). 
Some thymidine was present in addition to the desired diester. 
The total material was applied to two 18-inch wide sheets of 
Whatman 3 MM paper and chromatographed (descending) in 
solvent A. The major band (Rr 0.34) was eluted with water, 
the eluate concentrated, and passed through a column (5 cm. X 
1 cm. diameter) of Dowex 50 (acid form) resin. The acidic 
effluent was evaporated at reduced pressure, and the last traces 
of water removed by evaporation in the presence of ethanol. 
The residue was dissolved in about 1.5 ml. of ethanol and the 
product precipitated by the addition of about 8 ml. of ether. It 
was collected by centrifugation, washed with ether, and dried 
in a vacuum; yield, 105 mg. This free acid slowly decomposed 
(over a period of 6 months), yielding several ultraviolet-absorb- 
ing compounds, It should therefore be stored as the ammonium 
or sodium salt. 

3’-0-acetyl-nitrophenyl-pT—Ten mg. of the pyridinium salt of 
nitrophenyl-pT were dissolved in anhydrous pyridine (2 ml.) and 
the solution evaporated to dryness in a vacuum. To the residue 
were added 0.5 ml. of pyridine and 0.25 ml. of acetic anhydride. 
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Fig. 1. Titrimetric determination of phosphodiesterase activ- 
ity. System, in 0.5 ml.: 0.45 umole of pTpT adjusted to pH 8.9 
with 0.02 n NaOH. At zero time, added 1.8 yg. of diesterase. 
(The preparation used to illustrate this technique was an acetone 
precipitate obtained in the course of purification via procedure a.) 
Reaction followed by maintaining constant pH, with 0.02 n NaOH. 
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After 18 hours at room temperature, 1 ml. of water was added 
and the solution lyophilized. Dissolution in water and lyophili- 
zation were repeated twice. The residue, applied to a 9-inch 
wide sheet of Whatman 3 MM paper, was chromatographed in 
Solvent B (see ‘Paper Chromatography”). The desired product 
(Rr, 0.64) was eluted from the paper with water, and the solu- 
tion lyophilized; yield, 9.8 mg., 90 per cent. This preparation 
which may have been the pyridinium salt was used directly; no 
interference from pyridine with the action of the diesterase has 
been noted. 

Enzyme Assays—Spectrophotometric Assay: Hydrolysis of 
p-nitrophenyl esters was performed in 1-cm. cuvettes containing 
100 umoles of Tris, adjusted to pH 8.9 with HCl, enzyme, and 
0.5 umole of substrate, in 1 ml. The increase in optical density 
(OD) due to the liberation of p-nitrophenylate was measured at 
400 my with a Cary recording spectrophotometer equipped with 
a thermostable cell compartment maintained at 37°. An in- 
crease in OD of 1.2 units is equivalent to the hydrolysis of 0.1 
pmole of substrate. The ease and sensitivity of the above assay, 
employing nitrophenyl-pU as substrate, led to its use for routine 
activity determinations during the purification of the enzyme, 
and for checking the activity of stored preparations. The assay 
is linear with time up to an OD of 1.1, and is linear, over a wide 
range, with enzyme concentration. Thus 0.9, 2.25, 3.6, and 4.5 
ug. of diesterase gave rates of 0.44, 1.1, 1.7, and 2.0 uwmoles per 
hour, respectively. 

Titrimetric Assay: 0.5 ml. of unbuffered solution containing 
0.5 umole of substrate was adjusted to pH 8.9, enzyme was 
added, and the reaction mixture maintained at this pH by the 
continuous addition of 0.02 m NaOH from a microburette. The 
solution was mixed by a fine glass rod mounted in an electro- 
magnetic vibrator. The pH was controlled to within 0.005 
unit by means of a 50-microampere meter connected in place of 
the standard (1 ma.) meter of a Beckman H-2 unit. All com- 
ponents rested on an aluminum block bearing a glass cylinder. 
Nitrogen, fed into the bottom of the cylinder, was used to exclude 
carbon dioxide, and the aluminum block contained heating coils 
connected to a variable transformer for temperature regulation. 

This assay proved to be more generally useful for studying 
rates of hydrolysis of various diesters and dinucleotides. An 
example of this assay as used for the hydrolysis of pTpT is shown 
in Fig. 1. The accuracy of the method is illustrated by the data 
in Fig. 2, which show the results of a determination of K,, and 
Vmex (12). 

Paper Chromatography: From a total volume of about 50 
ul. containing 1 umole of substrate, 20 umoles of Tris, pH 8.9, 
and enzyme, appropriate aliquots (9 to 20 ul.) were removed at 
intervals and mixed on a piece of paraffin film with 1 yl. or more 
of glacial acetic acid to stop the reaction. This mixture was 
then applied directly to Whatman 3 MM paper and chromato- 
grams developed by the descending technique. Solvent systems 
used were (A) isopropanol-concentrated ammonium hydroxide- 
water (7:1:2, volume for volume) or (B) n-butanol-acetic 
acid-water (5:2:3, volume for volume). The spots were located 
by observation under ultraviolet light and, whenever necessary, 
were cut and soaked overnight in 1.5 ml. of 0.02 n hydrochloric 
acid to elute the material. For control, spots of the same size 


were cut from adjacent clear areas of the paper and similarly 
eluted. Ry values of pT, pTpT, TpT, cyclo-pTpT and T in 
solvent A, were 0.11, 0.05, 0.36, 0.28, and 0.61, respectively; 
and in solvent B, 0.3, 0.19, 0.31, 0.21, and 0.63, respectively. 
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Fic. 2. Lineweaver-Burk plot (12) of rate of hydrolysis of pTpT 
versus substrate concentration. Velocity in wmoles per hr. per 
mg. of protein; substrate concentration in moles per liter. Vm = 
3500, Km = 2.04 X 10-*. Acetone-precipitated preparation as in 
Fig. 1. 


Enzyme Preparations—Lyophilized Crotalus adamanteus venom 
was obtained commercially. Two procedures were used for its 
purification. (a) Preparation of the diesterase, free from 5’- 
nucleotidase, was carried out by the procedure of Koerner and 
Sinsheimer (13). Thus, the venom was dissolved in water and 
the solution (pH 4.5) incubated for 1 hour at room temperature. 
The turbid solution was cooled, centrifuged, and to the super- 
natant ammonium acetate, pH 4.0, was added to a concentration 
of 0.20 m. Acetone precipitation was carried out as described 
by the above authors. The precipitated diesterase was then 
dissolved in 0.02 m Tris, pH 8.9, and chromatographed on a 
column of DEAE-cellulose, according to the procedure used by 
Boman and Kaletta for whole venom (14). Protein concentra- 
tion in this and the following procedure (b) was determined 
spectrophotometrically (15). The assays for the diesterase were 
carried out with nitrophenyl-pT as the substrate, and with 2.0 
umoles of magnesium acetate per ml. About 90 per cent of 
the total activity was recovered as a single peak (Fig. 3A). A 
minor peak with diesterase activity appeared much later on 
elution at pH 7.4 and is not shown in the figure. (b) More 
recently, in view of our observation that dilute solutions of venom 
lose diesterase activity unless adjusted to pH 8.9, Koerner and 
Sinsheimer’s procedure (13) was modified. The venom was 
dissolved in distilled water and adjusted to pH 8.9 with 2 m 
ammonia. After 1 hour of incubation at room temperature, the 
solution was cooled, centrifuged, and the supernatant was ad- 
justed to pH 4 by the addition of ammonium acetate (final con- 
centration 0.20 m). Acetone fractionation was then carried 
out as before. Yield of the enzyme (30 to 40 per cent) and puri- 
fication (12 to 15-fold) were comparable with that obtained in 
the original procedure (13). However, subsequent chromatog- 
raphy on a diethylaminoethy] cellulose column now gave two 
distinct peaks as shown in Fig. 3B. Determination of the rates 
of hydrolysis of pTpT, TpT, and cyclo-pTpT has revealed no 
differences between the two peaks, which were originally located 
with nitrophenyl-pT. The significance of these findings is dis- 
cussed later. 
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Fic. 3. Chromatography of acetone-precipitated diesterases. 
A column of diethylaminoethy] cellulose, 30 cm. X 3 cm. diameter, 
was equilibrated with 0.02 m Tris, pH 8.9, at 2°. An acetone pre- 
cipitate from crude venom was dissolved in 3 ml. of 0.02 m Tris, 
pH 8.9, and allowed to flow into the column, followed by 30 ml. of 
0.02 m Tris, pH 8.9. Elution was with 100 ml. of 0.33 m Tris, pH 
8.9 (A); 100 ml. of 0.6 m Tris, pH 8.9 (B); and 0.33 m Tris, pH 7.4 
(not shown). Enzyme, X——X; protein, @——®@. 

3A (upper). Results obtained by acetone precipitation accord- 
ing to procedure a. Total activity in Assay 1 (with nitrophenyl- 
pT), 19,500 wmoles per hour, 25.8 mg of protein. 

3B (lower). Results obtained by acetone precipitation accord- 
ing to procedure b. Total activity in Assay 1 (with nitropheny]- 
pT), 19,700 umoles per hour, 23.7 mg. of protein. 


Most of the work reported here has been carried out with 
enzyme preparations obtained by procedure (a) above. The 
preparation represents a 70-fold purification over the crude 
venom. Enzyme preparations obtained from time to time, or 
stored frozen for varying periods differ slightly in specific activity, 
so that rates in different experimental sections are not always 
comparable. 


RESULTS 


Crude Venom—In Table I are the results of testing crude 
venom against a few substrates which have been examined more 
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TaBLeE I 
Rates of hydrolysis of different substrates by crude venom 


For Assay 1 and 2, 50 ug. of venom were used; Assay 3, 5 yg. 
The venom was dissolved in 0.002 m Tris, pH 8.9, at 4°, 200 ug. 
per ml., overnight. 

















Substrate Assay Activity 
umoles/hr./mg. 
protein 
Nitrophenyl-pU.................... 1 21.0 
Di-p-nitrophenyl phosphate ....... 1 0.38 
Methyl p-nitrophenyl phosphate. ... 1 0.13 
EA Se ei, ee eee 2 102 
ME ico Niece eau eeune case eyes 2 4.15 
Uridine-2’ ,3’-cyclic phosphate....... 3 0.11* 
os ae re 3 0.90 
* Corrected for rate of spontaneous hydrolysis. Chromato- 


graphed in Solvent B. 


TaBLeE II 
Substrate specificity of venom phosphodiesterase 




















Substrate Assay Van Km 
mnelalie, | mots 

Nitrophenyl-pT............. 1, 2 36,500 | 5.0 X 10-4 
I Se siege alee 's cobain. aya s acess 2 6,840 | 2.1 X 10-4 
Nitrophenyl-pU ............ i, 2 1,275 5.4 X 10-4 
MTS Pods Asi big views Me aa ae. 2 278 | 5.3 X 10-4 
Di-p-nitrophenyl phosphate . 1 39 | 7.7 X 10-4 
Benzyl p-nitrophenyl phos- 

EL i 5A cia tau tals sake sve 1 315 | 6.8 X 10-8 
Methyl p-nitrophenyl phos- 

I (56-9, d0a5e'e cedein dy Ste 1 714 1.2 X 10°? 

TaBe III 


Rates of hydrolysis of different substrates with phosphodiesterase 














Substrate Va Km 
pmoles/hr./mg. M 
Thymidyly]-(3’-5’)-thymidine 

MS ao acrds ccd tas cee sy 146 5.4 X 10-4 
Thymidylyl-(5’-5’)-thymidine..... 163 2.4 X 10-4 
I cae Kd sd aoa sas 0Gla wth bra Wha 3,500 2.04 X 10-4 
ERE eee Seal 7 ers 3,520 2.1 X 10-4 
Nitrophenyl-pT... .............. 19, 700 4.9 X 10-4 
3’-O-acetyl-nitrophenyl-pT........ 7,250t 1.5 X 10-4 





*Monomethyl and monobenzyl esters of adenosine 5’-phos- 
phate are hydrolyzed at rates similar to that of TpT at the same 
concentration. 

t These data were obtained at slightly lower pH (pH 8) in order 
to avoid any hydrolysis of the acetyl group. 


thoroughly with the purified preparations. The rates of attack 
on cyclo-pTpT and uridine-2’ ,3’-cyclic phosphate are extremely 
low as compared with that on pTpT. It is also apparent that 


di-p-nitrophenyl phosphate, the usual substrate for following 
the activity of the diesterase, is one of the poorest. 

The pH has a marked effect on the stability of dilute solutions 
of the venom. Thus when venom was dissolved in water at pH 
6, the activity against nitrophenyl-pU was only about one-fourth 
of that recorded in Table I. 
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Purified Diesterase—The hydrolysis of a number of diesters by 
the chromatographed preparation (procedure a) is shown in 
Table II. A few substrates tested much later are listed in Table 
III, together with reference compounds from Table II. The 
only substrate for which any quantitative data have been pre- 
viously available is di-p-nitropheny] phosphate (16, 17). It can 
be seen that the rates vary widely. In the case of the di- 
nucleotides, the presence of a 5’/-phosphate has a great effect on 
the rate, as has been reported previously (18), and a 3’-acety] 
group inhibits hydrolysis slightly. The presence of a 5’-5’-phos- 
phodiester linkage appears equivalent to a 5’-3/-link. The 
ability of the diesterase to hydrolyze this bond had been shown 
previously with adenylyl-(5’-5’)-uridine (19), and is consistent 
with the general mode of action of the enzyme as discussed later, 

The rate of hydrolysis of nitrophenyl-pT is much higher than 
that of nitrophenyl-pU. This observation and preliminary 
experiments on the pApA, pApApA, and homologues suggest 
that it is a characteristic of the enzyme that compounds of the 
deoxyribonucleotide series are better substrates than the cor- 
responding ribonucleotide series. The differences appear to be 
due to the sugar moiety rather than to the heterocyclic bases. 

Some other compounds were hydrolyzed by the enzyme prep- 
aration. ATP was slowly converted to AMP without any ap- 
parent formation of ADP, and di-(thymidine-5’)-pyrophosphate 
was hydrolyzed to pT 10 times as fast as pTpT. 

Effect of pH—The curves for activity versus pH are similar for 
both pTpT and nitrophenyl-pT, with a broad optimum at 8.9 
to 9.8. One-sixth of the maximal activity is observed at pH 7.5. 
A similar pH optimum has been reported previously (20). 

General Characteristics of Diesterase—In order that the diester- 
ase preparation might be used under a variety of conditions, the 
following studies of its characteristics were carried out. A part 
of these studies was suggested by the data of Taborda et al. (21) 
on inhibitors and activators of Bothrops venom nucleases. 

(a) The diesterase is inhibited by reducing agents (Table IV). 

(b) Privat de Garilhe and Laskowski (17), Boman and Kaletta 
(14), and we, in the present work, have observed loss of diesterase 
activity upon dialysis, even in the presence of Mg++ (17). The 
cause of this remains unknown, but it cannot be due to a need 
for a reducing environment (Table IV). 


TaBLe IV 
Inhibition of diesterase by reducing agents 


The system contained 0.5 umoles of nitrophenyl-pU, 100 umoles 
of Tris, pH 8.9, 5 wg. of diesterase, in 1.0 ml. 400 my, 37°. 











Additions Activity Relative 
M pmoles/hr. 

I feta a 5 araeaidy drake ciientga hs 14.0 1.00 
Cysteine __ ae 7.5 0.54 
ox wWe.......... 3.9 0.28 

_) @ 2 See 2.3 0.17 

Glutathione ee ise ec es 4.5 0.32 
2 4 re 2.2 0.16 

Thioglycolate 5 X 107%.......... 3.2 0.16 
eo 2 ee 0.8 0.06 

Ascorbic acid 2 X 10°3.......... 9.3 0.66 
i | 9 6.4 0.46 

me We... .....2: 4.2 0.30 
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TABLE V 
Inhibition of diesterase by chelating agents 
System as in Table IV. 














Additions | Activity | Relative 
M | pmoles/hr. | 

RE Ne Set eC) eee RE ErET ST 35.2 1.00 
Sodium citrate 5 X 10°3............. | 33.1 0.94 
EDTA Of ear eee | 27.1 0.77 
6 fo. Serr rer | 16.2 0.46 

2k nes 6.7 0.19 

Ek 2 2 name 3.1 0.09 

4.1 X 10°* + 2 X 10°? m Mgt’..... 14.6 0.41 

TaBLe VI 


Effect of cations on venom diesterase 
System as in Table IV. 











Additions Activity 
pmoles/hr. 
Pee eer en eer eee ee 6.4 
Mg(acetate)2 4X 10-4 M............. 8.4 
ee ee Wisc kacase 10.4 
kt a Sr 13.3 
In*+, Pb*+, Cot+, Nit+, Fe*++, Sn**, | 
Ca**+, Mn**, Ba**, all at 10-3... ‘| 6.4 
(NH,4)2SO, NS od Soca teles hee Rigs are . 6.4 
Ba(acetate): O.01I5M.................. | 6.4 
Cu(acetate): 10-4 M................... | 2.5 
Enzyme incubated with 0.04 m Mg(ac- | 
etate)2 at pH 8.9 for 5 to 30 minutes, | 
6.4* 


DEA Alike Ro apes A oe tne eR ERG | 





* Final Mg*t* concentration, 8 X 10-5 m. 


(c) Chelating agents cause inhibition of the diesterase and the 
effect is reversed by greater concentration of divalent cations 
(Table V). Mn++, Zn*++, and Ca** are as effective as Mgt+ in 
reversing the inhibition by EDTA. 

(d) The diesterase has heretofore been used in the presence of 
Mg*+ ions in concentrations of the order of 10-? m (16, 17) and 
the above studies (Table V) of chelating agents, indicate the 
requirement of divalent metal ions for activity. However, the 
enzyme is not inactive in the absence of any additions of divalent 
ions and, in fact, is only slightly stimulated by high concentra- 
tions of Mg** or Zn*++ (Table VI). It may be inferred that the 
necessary cation is already present on the enzyme. Indeed, the 
response to added Mg** is not consistent and with other prepa- 
tations cannot be detected at 10-* m. As shown in Table VI, 
incubation of the diesterase with Mg*+ does not result in enzyme 
activation even after 30 minutes at 37°. We have not added 
Mg*+ to our systems, since the small increase in activity does 
not compensate for the difficulties introduced in chromatograph- 
ing samples. No changes in reaction mechanism have been 
observed so far in the presence or absence of added Mg++. Other 
tations, with the notable exception of Cu**, do not inhibit the 
enzyme at 10-* m. 

(e) Although traces of salts have little effect on the enzyme, 
massive amounts of NaCl stimulate and of LiCl inhibit, as shown 
in Table VII. Phosphate, although mentioned as an inhibitor 





as6 ead 
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(22), is only effective at high concentration. The relative resist- 
ance to urea suggests a firm molecular protein structure, and may 
prove useful in studies on large polymers whose structure pre- 
sumably can be modified by high concentrations of urea or salt, 
at room temperature (23, 24). In view of the wide use of barium 
salts for the isolation of phosphate compounds, the lack of 
inhibition at substrate levels of Ba++ is a convenient property. 

Competitive Inhibition Studies—Since the K,,’s for many sub- 
strates were found to be of the same order (Tables II and III) 
it seemed likely that some of these would cause competitive 
inhibition of the hydrolysis of nitrophenyl-pT. Such studies 
were undertaken firstly because they would indicate if one 
enzyme were involved in the hydrolysis of the various substrates 
studied and secondly, because limited degradation of oligonucleo- 
tides was expected to give a series of smaller compounds (6) as 
intermediates and the kinetic analysis of the results might be 
facilitated. 

Fig. 4 shows the result of the addition of pTpTpTpTpT. The 
latter at a concentration of 1/200 with respect to nitrophenyl-pT 


TaBie VII 
Effect of salts and urea on venom diesterase 
System as in Table IV. 


























Additions Activity Relative 
M } mc gualeafie. 
Se eee Rok te 32.0 1.00 
NaCl RE adic iaghe a 38.4 1.2 
i GREE Sp eat 38.4 1.2 
= ee oe 41.5 1.3 
NR ea eae 41.5 1.3 
LiCl ee ee ee 35.2 1.1 
Oe eee p 16.2 0.51 
KeHPO, 0.01............. 18.2 0.57 
AES > 7.4 0.23 
Urea ten oper se 27.2 0.85 
Mh Gessasea de ays 17.6 0.55 
. ar 10.6 0.33 -— 
1-O}-— 
il 
— 
zc 
R0-6}— 
z 
wW 
a 
qo4- 
4 
= 
rs 
0-2+— 
i | i | F | 
0 150 
SECONDS 


Fic. 4. Competitive inhibition. Effect of pTpTpTpTpT on 
rate of hydrolysis of nitrophenyl-pT. System, in 1 ml.:0.5 ymole 
of nitrophenyl-pT, 100 wmoles of Tris, pH 8.9, 5 wg. of diesterase 
at lower arrow. At upper arrow, added pTpTpTpTpT (0.104 OD 
units measured at 267 my, or about 0.0025 umole of pentanucleo- 
tide), 400 my. 
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inhibits more than 50 per cent. The sensitivity to oligonucleo- 
tides is thus much higher than would be anticipated and is one 
of the most sensitive methods for detecting larger oligonucleo- 
tides. 

In order to evaluate the effect of chain length, substitution, 
and so forth, on the inhibition and to permit comparisons between 
enzyme preparations of differing specific activity, an arbitrary 
“standard rate” for nitrophenyl-pT hydrolysis: 1.0 unit OD 
increase at 400 my per 100 seconds (3 umoles per hour) was 
chosen. All enzyme preparations were used at a concentration 
such that this rate was obtained. The results of testing a series 
of thymidine oligonucleotides are shown in Fig. 5. Although 
lack of material has prevented detailed studies of the cyclic 
oligonucleotides, Fig. 5 also includes the competitive inhibition 
caused by cyclo-pTpTpT. This inhibition is detectably less than 
that by the linear compounds. By varying the concentration 








Properties of Venom Phosphodiesterase 





100}— 
5 4 
80 
S 60}- 3 
o 
4 
z — Gr 
ra 
40- 
iL | i | l I 1 | 1 | i l 
) 01 05 06 


02 03 0-4 
OPTICAL DENSITY UNITS per ML. 


Fic. 5. Competitive inhibition. Percentage inhibition of ni- 
trophenyl-pT hydrolysis as a function of OD units of oligonucleo- 
tides added. System asin Fig. 4. Curve 1, cyclo-pTpTpT; Curve 
8, pTpTpT; Curve 4, pTpTpTpT; Curve 5, pTpTpTpTpT; Curve 6, 
pTpTpTpTpTpT; Curve 7, pTpTpTpTpTpTpT. Except for 
Curve 1, the numbers of the curves correspond to the chain length 
of the oligonucleotides. 


3 








Lt —ee eS a a 
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Fic. 6. Determination of K; for pTpTpT according to Dixon 
(25). Nitrophenyl-pT concentrations: 0.2 ymole per ml., 
O——O; 0.5 umole per ml., @——®@. 
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Fic. 7. Competitive inhibition. K; as a function of the num- 
ber of nucleoside residues in the molecule (‘‘chain length’’). 5’- 
Hydroxyl end group, O——O; 5’-phosphate end group, @——®. 








Taste VIII 
Competitive inhibition of nitrophenyl-pU hydrolysis 
In 1 ml.: 0.5 umole of nitrophenyl-pU, 100 zmoles of Tris, pH 








8.9, 16 ug. of diesterase. 400 muy, 37°. 
Additions Concentration | Rate 
pmoles X 10%/ml. | pmoles/hr. % 
None 3.0 100 
pTpTpTpT 0.135 1.92 64 
pTpTpTpT | 0.270 | 1.17 39 
pTpTpTpT | 0.680 | 0.69 23 
pTpTpTpT 1.360 | 0.54 18 
TpTpTpT | 0.270 | 1.98 66 
TpTpTpT | 0.680 1.53 51 
TpTpTpT 1.360 | 1.26 42 








of “inhibitor” at two concentrations of substrate (nitrophenyl- 
pT) and plotting the data according to Dixon (25), we have 
determined K; for these compounds. The details of one deter- 
mination, with the use of pTpTpT, are shown in Fig. 6. It is 
clear that the inhibition is competitive, since the slopes of the 
lines change with the change in substrate concentration. The 
data for a number of compounds (Fig. 7) reveal that inhibition 
by the oligonucleotides is a function of the chain length and 
removal of the 5’-phosphate decreases the inhibition. 

Since the K; for pTpTpTpTpT is so much smaller than that 
for pTpT, it might be expected that the former would inhibit 
the hydrolysis of the latter. However, no decrease in the rate 
of acid liberation was detected titrimetrically. This is probably 
because the rates of attack on the oligonucleotides are very 
similar (6) and the titrimetric procedure will not distinguish the 
acidity liberated from one or the other substrate. 

Table VIII shows the results of a study of competitive inhibi- 
tion of nitrophenyl-pU. Although more enzyme was needed to 
obtain the “standard rate” with this substrate, the degree of 
inhibition was similar to that obtained with nitrophenyl-pT at 
the same concentration of oligonucleotides (compare data in 
Fig. 6 with Table VIII). Removal of the terminal phosphate 
from the oligonucleotides results in decreased inhibitory activity 
with nitrophenyl-pU, too. 
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TaBLe IX 
Competitive inhibition by oligonucleotides 
bearing 3'-phosphate end groups 
System as for Fig. 8. For comparison purposes, rates with 
pTpTpT acting as an inhibitor are also given. Optical densities 
for thymidine oligonucleotides read at 267 my; for RNA ‘‘core”’ 
at 260 muy. 











Additions | Concentration Rate 
onktefat. | “rotfmde pmoles/ke. | To 
1. None | | 3.00 | 100 
2. pTpTpT (21.72 | 5.8 | 0.705 | 23.5 
3. p[pTpT | 0.575 | 1.9 | 1.12 | 37.5 
4. TpTpTp | 0.575 | 1.9 | 0.228 | 7.6 
5. TpTpTp 0.115 0.4 | 0.705 | 23.5 
6. TpTp 0.115 | 0.6 | 0.93 | 31.0 
7. TpTpTpTp 0.115 | 0.3 | 0.48 | 16.0 
8. RNA “core”’ | 0.108 | | 0.303 | 10.1 
9. Tp-nitrophenyl* | | 250 1.12 | 37.5 
10. None, twice the substrate | 4.83 | 161 
11. asin 10 + RNA “core” | 0.108 | 0.495 | 16.5 
12. as in 10 + TpTpTp 0.575 1.9 | 0.366 | 12.2 


t 





*In the absence of nitrophenyl-pT, rate of hydrolysis of Tp- 
nitrophenyl at this concentration was less than 0.01 wmoles per 
hour. 


Some studies have been made of competitive inhibition by 
other compounds. The effect of oligonucleotides with 3’-phos- 
phate end groups, which are themselves slowly hydrolyzed by 
the diesterase (4, 13, 18), is shown in Table IX. It is apparent 
that compounds such as the products of pancreatic RNase ac- 
tion on RNA (RNA “core’’) and synthetic deoxyoligonucleotides, 
are very potent inhibitors. Again, the competitive nature is 
suggested by the sensitivity of the inhibition to increased con- 
centrations of nitrophenyl-pT. It can be seen that a doubling 
of nitrophenyl-pT concentration decreases the inhibition by RNA 
“core” and by TpTpTp to the same extent. Although it is 
hydrolyzed only 0.04 per cent as fast as nitrophenyl-pT, Tp- 
nitropheny] is also slightly inhibitory. 

Fig. 8 shows the result of measuring titrimetrically the effect 
of TpTpTpTp on the rate of hydrolysis of pTpT. The inhibi- 
tion which is observed can be decreased by raising the concen- 
tration of pTpT, and is increased if the inhibitor is added after 
part of the pTpT has been hydrolyzed (8a). Inhibition in this 
case is detectable presumably because TpTpTpTp is only slowly 
hydrolyzed but at the same time is tightly bound. 

It was conceivable that these observations could be explained 
simply on the basis that higher oligonucleotides, particularly 
those bearing 5’-phosphate end groups, were efficient chelating 
agents for divalent cations bound to and required by the en- 
zyme. It can be seen from the data in Table X, however, that 
a concentration of Mg++ approximately equivalent to twice the 
number of all phosphory] dissociations (0.015 umole of Mg++ 
per 0.003 umole of pTpTpTpTpT) had no effect on the degree 
of inhibition. The relief from inhibition produced by more than 
100 equivalents of Mg++ may be due to an increase in the pro- 
portion of a less inhibitory Mg-bound oligonucleotide. A less 
purified enzyme preparation, in which the enzyme might be 
protected from chelating effects by other proteins and cations, 
is no less sensitive to inhibition. The enzyme concentration does 
have a marked effect, as would be expected if the inhibitor, 
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Fic. 8. Detection of competitive inhibition by titrimetry. 
System as in “Experimental,” Titrimetric assay, with 5 yg. of di- 
esterase at zero time in both a and b. Additions of pT pT and 
TpTpTpTp at each point shown by the arrows were 0.5 umole and 
0.016 umole, respectively. 


TABLE X 
Competitive inhibition 
In 1 ml.: 100 umoles of Tris, pH 8.9; 0.5 umole of nitrophenyl-pT; 
0.00216 umole of pTpTpTpTpT or as noted. In A, sufficient en- 
zyme to produce a rate of hydrolysis of 3.0 umoles per hour in the 
absence of any pTpTpTpTpT. 400 my, 37°. 

















A. Effect of Mg** a= Inhibition* 
pmoles/ml. % 
1. 8 wg. diesteraset | 0.003 78 
0.015 78 
0.150 78 
0.300 78 
2.30 59 
2. 160 ug. diesteraset 0 77 
0.15 77 
2.15 43 
B. Effect of enzyme concentration | Activity |%ofcontrol| Relative 
| pmoles/hr. 
1. No pTpTpTpTpT (control) | 
4 wg. diesterase | 1.53 1.0 
8 wg. diesterase | 3.0 1.96 
12 yg. diesterase | 4.4 2.87 
2. With pTpTpTpTpT 
4 wg. diesterase 0.34 22 1.0 
8 ug. diesterase 1.14 38 1.72 
12 wg. diesterase | 2.86 65 2.96 











* ((Control rate — inhibited rate) /control rate] X 100. 

+ Prepared by chromatography via procedure a (see ‘“‘Experi- 
mental’’). 

t Old acetone precipitate obtained during purification via pro- 
cedure a. 


acting in a competitive manner, preferentially occupies a large 
proportion of the active sites on the protein molecules. 


DISCUSSION 


The results reported above constitute the first detailed study 
of the activity of venom phosphodiesterase on a variety of phos- 
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phodiesters derived from nucleotides. The enzyme preparation 
used in these studies has been purified about 70-fold, and al- 
though further purification is desirable, the results described are 
probably due to one enzyme. The question of the number of 
phosphodiesterase activities present in venom has been discussed 
recently (14, 26). Thus, it has been suggested by Boman and 
Kaletta (14) that the three peaks of phosphodiesterase activity 
obtained by them from whole venom with chromatography on 
diethylaminoethyl-cellulose columns may represent three protein 
forms of the same enzyme, having arisen by the action of pro- 
teolytic enzymes in the venom. Our own results appear to lend 
support to this view. The two major peaks of activity which 
we obtained (Fig. 3B) on chromatography of the acetone-pre- 
cipitated material showed identical ratios of activity towards 
the various substrates. It is also significant that when the incu- 
bation of the venom was performed at pH 4.5 (Koerner and 
Sinsheimer (13) before acetone precipitation, only one peak was 
obtained on subsequent chromatography. It would appear that 
incubation at the lower pH completed the conversion of the 
enzymatically active proteins to just one type. 

Competitive inhibition studies further indicate that probably 
one enzyme in the purified preparation is involved in the hydroly- 
sis of the various compounds tested. These studies were under- 
taken when the exopolynucleotidase type of action of the prepa- 
ration on thymidine oligonucleotides became clear (6, 27) and 
it seemed necessary to re-examine the question whether the 
same enzyme was involved in the hydrolysis of linear and cyclic 
oligonucleotides. In addition, it was considered that the for- 
mation of intermediates, all substrates, in the hydrolysis of 
oligonucleotides (6), might cause mutual competitive inhibition. 

It was found that the value of K; for pTpT, for example, 
was about one-tenth the K,, determined titrimetrically.2 This 
apparent inconsistency for the dinucleotide, which might be ex- 
pected to apply to the higher members too, can only be explained 
by assuming that K,, is not a valid measure of the enzyme- 
substrate dissociation constant for the diesterase (28, 29). We 
have assumed that K; is a better measure of the affinity of the 
enzyme for the various substrates at the pH employed than 


2 For the enzymic reaction 
Ki K; 
E+S58 = E-‘S —— E + products 
2 


where E, S, and E-S are enzyme, substrate and enzyme-substrate 
complex, respectively, the K,, determined experimentally equals 
(Ke + K3)/K:. Km only approaches the true enzyme-substrate 
dissociation constant, K:/K,, when Ky; is much smaller than Ko. 
The K, and K; values might be more nearly equal at some pH 
other than 8.9, but the pH dependencies of these constants have 
not been determined. 
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is K,. The results of K; determinations clearly reveal an 
increased enzyme affinity as the size of the oligonucleotide in- 
creases, and a parallel, but less intense behavior of oligonucleo- 
tides lacking the 5’-phosphate end group. Those with 3’-phos- 
phate end groups are bound most tightly of all, in contrast to 
their slower rate of hydrolysis. 

The basic structural element to which the enzyme binds for 
hydrolytic action is probably a “nucleoside 5’-phosphory]” 
group as shown in Diagram 1. Bond cleavage occurs as shown 
to give a nucleoside 5’-phosphate and R’OH. The nature of R’ 
is not critical, although obviously it influences the rate greatly, 
Thus R’ can be a simple alkyl group (e.g. methyl), p-nitrophenyl, 
or a nucleoside or perhaps even a phosphoryl group. In the 
last case, the same enzyme will then have the pyrophosphatase 
activity? which the preparation shows. No differences in the 
rates of hydrolysis of d-pTpA, or d-pCpT have been noted, 
which suggests that variations of the purines and pyrimidines 
do not affect the rates of hydrolysis. The environment around 
the sugar portion, namely at the 2’- and 3’-hydroxyl groups, or 
both, has great influence on the rate of hydrolysis. Firstly, the 
difference in the rates of hydrolysis of nitrophenyl-pT and nitro- 
phenyl-pU may be noted. Although different bases are present 
in these two substrates, it seems virtually certain that the 
greater rate with nitrophenyl-pT is due to the absence of a 
2’-hydroxyl group in this molecule.4 Secondly, substitution of 
the 3’-hydroxyl group by an acetyl group slows down the rate, 
while a phosphoryl] group at this position most seriously inhibits 
the rate of hydrolysis (6). 

Privat de Garilhe and Laskowski (18) noted that dinucleoside 
phosphates were hydrolyzed slower than the corresponding di- 
nucleotides bearing a 5’-phosphomonoester group. Confirming 
this result, we found that TpT was hydrolyzed about 515 the rate 
at which pTpT was hydrolyzed. Similar differences exist in the 
homologous series of oligonucleotides up to the pentanucleotide. 
Furthermore, as determined by K,’s, the oligonucleotides bear- 
ing 5’-phosphomonoester end groups are bound more tightly by 
the enzyme than are the corresponding members without the 
5’-phosphomonoester group. It may also be added that the 
so called activating effect of the phosphate end group also holds 
when the phosphomonoester groups are monomethylated (31). 
In view of the demonstration (6) that the hydrolysis of this class 
of oligonucleotides actually begins from the far end, namely the 
end bearing the 3’-hydroxy] group, a simple interpretation of the 
above effect is that the 5’-phosphomonoester group merely serves 
to “cover” the 5’-hydroxyl group and so prevents the enzyme 
from binding at the “wrong” end, 

Both nitrophenyl-pT and Tp-nitrophenyl are convenient sub- 
strates for surveying venom and spleen types (32) of phos- 
phodiesterases in different tissues and in subcellular fractions. 


Preliminary observations indicate a wide distribution of both | 


enzymes in mammalian organs. 


SUMMARY 


Venom phosphodiesterase has been purified about 70-fold by 4 
combination of previously described procedures, namely acetone 


3 Dr. Hans Boman (30) has independently arrived at the same 
conclusion. 

4 Additional support for this derives from our work (unpub- 
lished) in the ribo-oligonucleotide series (pApA, pApApA, and s0 
forth). Several times as much enzyme is required to obtain rates 
which are similar to those with pT pT, pTpTpT, and so forth. 
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precipitation and chromatography on diethylaminoethyl-cellu- 
Jose. Preincubation of the crude venom at pH 8.9 and room 
temperature gave two peaks of diesterase activity during subse- 
quent chromatography, whereas only one peak was obtained after 
preincubation at pH 4.5. Both peaks appeared to have the 
same enzymic activity and the difference in chromatographic be- 
havior is ascribed to proteolysis by enzymes in the venom. 

The activity of the purified diesterase has been studied with a 
variety of substrates. These include di-p-nitrophenyl phosphate, 
p-nitrophenyl uridine 5’-phosphate, p-nitrophenyl thymidine 
5'-phosphate, thymidylyl-(5’-3’)-thymidine, thymidylyl-(5’-3’)- 
thymidylic-(5’) acid, and the corresponding cyclic dinucleotide. 
While K,,’s for most of these substrates were similar, great varia- 
tions in rates of hydrolysis were observed. Thus p-nitrophenyl 
thymidine 5’-phosphate was hydrolyzed about 1000 times more 
rapidly than di-p-nitropheny] phosphate. 
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With the use of the very sensitive and convenient substrate 
p-nitrophenyl] thymidine 5’-phosphate competitive inhibition by 
different types of oligonucleotides was studied. The K; values 
for oligonucleotides bearing 5’-phosphate end groups decreased 
rapidly with increase in chain length. The K, values for oligo- 
nucleotides lacking a terminal phosphate group, although larger, 
also decreased with increase in chain length. Oligonucleotides 
bearing a 3’-phosphate end group, which are very poor substrates, 
were the most effective competitive inhibitors. 

Other properties of the venom phosphodiesterase include in- 
hibition by metal-chelating agents, reducing agents (cysteine, 
ascorbic acid), cupric ion, high concentrations of inorganic phos- 
phate and lithium chloride. 

The mode of action of the enzyme is discussed in the light of 
the above findings. 


REFERENCES 


1. GitHaAM, P. T., anp Kuorana, H. G., J. Am. Chem. Soc., 80, 
6212 (1958). 

2. Tener, G. M., Knorana, H. G., Marxuam, R., anv Pon, E. 
H., J. Am. Chem. Soc., 80, 6223 (1958). 

. GitHAM, P. T., anp Kuorana, H. G., J. Am. Chem. Soc., in 

press. 

Turner, A. F., anp Kuorana, H. G., J. Am. Chem. Soc., in 

press. 

. Tener, G. M., GitHam, P. T., Razze.ti, W. E., Turner, A. 
F., AND Kuorana, H. G., Proc. N. Y. Acad. Sci., in press. 

. Razzeuu, W. E., anp Kuorana, H. G., J. Biol. Chem., 234, 
... (1959). 

. HepPEL, L. A., AND RaBinowiTz, J. C., Annual review of bio- 
chemistry, Vol. 27, Annual Reviews, Inc., Palo Alto, Cali- 
fornia, 1958, p. 613. 

. Morratt, J. G., AnD Kuorana, H. G., J. Am. Chem. Soc., 79, 
3741 (1957). 

. SmiruH, M., Morratr, J. G., anp Kuorana, H. G., J. Am. 
Chem. Soc., &, 6204 (1958). 

10. Brown, D. M., Haynes, L. J., anp Topp, A. R., J. Chem. 

Soc., 3299 (1950). 
11. Micneuson, A. M., anp Topp, A. R., J. Chem. Soc., 951 (1953). 
12. LINEWEAVER, H., anp Burk, D., J. Am. Chem. Soc., 56, 658 
(1934). 
13. KoERNER, J. F., anp SINSHEIMER, R. L., J. Biol. Chem., 228, 
1039 (1957). 
Boman, H. G., anp Kauerra, U., Biochim. et Biophys. Acta, 
24, 619 (1957). 
15. WarsurG, O., AND CurisTiAN, W., Biochem. Z., 310, 384 
(1941). 
16. SINSHEIMER, R. L., AnD Koerner, J. F., J. Biol. Chem., 198, 
293 (1952). 


oo oo ow 


~I 


o oo 


14. 


os 





17. Privat DE GARILHE, M., anp Laskowsk1, M., Biochim. et Bio- 
phys. Acta, 18, 370 (1955). 

18. Privat DE GARILHE, M., AnD LaskowskI, M., J. Biol. Chem., 
223, 661 (1956). 

19. Etmore, D. T., anp Topp, A. R., J. Chem. Soc., 3681 (1952). 

20. Scumipt, G., in E. Cuarcarr anp J. N. Davipson (Editors), 
The nucleic acids, Vol. I, Academic Press, Inc., New York, 
1955, p. 555. 

21. Tasorpa, A. R., TaBorpa, L. C., WituiaMs, J. N., Jr., ano 
E.vensem, C. A., J. Biol. Chem., 194, 227 (1952); 195, 207 
(1952). 

22. Boman, H. G., Nature, 180, 1181 (1957). 

23. Rice, 8. A., anp Dory, P., J. Am. Chem. Soc., 79, 3937 (1957). 

24. Davigs, D. R., anp Ricu, A., J. Am. Chem. Soc., 80, 1003 
(1958). 

25. Dixon, M., Biochem. J., 55, 170 (1953). 

26. Laskowsk1, M., Hacerty, G., anv Laurita, U., Nature, 180, 
1181 (1957). 

27. Razze.i, W. E., anp Kuorana, H. G., J. Am. Chem. Soc., 80, 
1770 (1958). 

28. Briaes, G. E., anp Haupang, J. B. 8., Biochem. J., 19, 338 
(1925). 

29. Butt, H. B., in W. D. McE.LRoy anp B. Guass (Editors), The 
mechanism of enzyme action, Johns Hopkins Press, Balti- 
more, 1954. 

30. Boman, H., Proc. N. Y. Acad. Sci., in press. 

31. Knorana, H. G., J. Am. Chem. Soc., in press. 

32. Herre, L. A., AND Hitmog, R. J., in 8. P. CoLowick anp 
N. O. Kapuan (Editors), Methods in enzymology, Vol. II, 
Academic Press, Inc., New York, 1956, p. 565. 








Tue Journa or Biorocica, CHEMIsTRY 
Vol. 234, No. 8, August 1959 
Printed in U.S.A. 


Studies on Polynucleotides 
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In the preceding paper (1) detailed studies of the properties 
and specificity of the venom diesterase with a variety of phos- 
phodiesters as substrates were reported. Extension of these 
studies to several homologous series of synthetic deoxyribo- 
oligonucleotides has permitted further insight into the mode of 
action of this diesterase on substrates containing multiple phos- 
phodiester bonds. It has been found that attack by the venom 
diesterase occurs stepwise from the end of the oligonucleotide 
chain bearing a 3’-hydroxyl group and results in the successive 
liberation of nucleoside 5’-phosphate units. The present com- 
munication contains a detailed report of these findings as well 
as a discussion of the use of this enzyme in the problem of sequen- 
tial analysis of polynucleotides. Preliminary reports of this 
work have been published (2-4). 


EXPERIMENTAL 


Enzymes—Venom diesterase was purified by acetone precipi- 
tation followed by chromatography as described previously (1). 
These preparations were stable at 2° for several weeks. How- 
ever, the same preparation was not used throughout. Prostate 
phosphomonoesterase was a preparation kindly given by Dr. R. 
Markham (5). This preparation was virtually free from dies- 
terase activity as tested against deoxyribo-oligonucleotides. 

Oligonucleotides—pTpT, pTpTpT, and higher homologues, 
TpT, TpTpT, and higher homologues, and the corresponding 
cyclic-oligonucleotides (cyclo-pTpT! and homologues) were all 
synthesized chemically in this laboratory (4, 6, 7); pTpTpC and 
pTpTpTpC were also synthesized chemically? 

Chromatography—Paper chromatographic assay described in 


* This work has been supported by grants from the National 
Cancer Institute of the National Institutes of Health, United 
States Public Health Service and the National Research Council 
of Canada. 

1 The abbreviations used are: Nitrophenyl-pU and nitrophenyl- 
pT, p-nitrophenyl esters of uridine and thymidine 5’-phosphate, 
respectively; Tp-nitrophenyl, p-nitrophenyl ester of thymidine 
3’-phosphate; ‘‘d’’ in combination with other abbreviations, 
deoxy. Cyclic oligonucleotides (7) in which the 5’-phosphomono- 
ester end group is involved in phosphodiester linkage with the 3’- 
hydroxyl group at the other end to form a macro ring are desig- 
nated by the prefix ‘‘cyclo’”’ before the standard abbreviation for 
linear oligonucleotides; thus, cyclo-pTpT, cyclic thymidine di- 
nucleotide. Venom diesterase will be referred to simply as di- 
esterase. EDTA, ethylenediaminetetraacetic acid; Tris, tris- 
(hydroxymethyl)aminomethane. 

2G. M. Tener and H. G. Khorana, unpublished work. 
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the preceding paper (1) was used to measure the rate of disap- | 


pearance of the starting material. Chromatography is the only 
valid method presently available to follow the hydrolysis of 
polymeric compounds and to separate the products. The Rp’s of 
cyclic oligonucleotides in Solvent A (1), relative to pT (1.0), 
are: cyclo-pTpT, 2.5; cyclo-pTpTpT, 0.75; cyclo-pTpTpTpT, 
0.35. 


RESULTS 


Degradation of Thymidine Oligonucleotides Lacking 5'-Phos 
phate End Groups—Results of a kinetic study of the hydroly- 
sis of TpTpTpTpT are shown in Fig. 1. In Fig. 2 are plotted 
the results of a second experiment in which chromatography was 
prolonged to improve separation of the larger intermediates, with 
loss of thymidine and TpT. The amount of enzyme used and 
the timing for these experiments (11 ug. for 0.27 umole of initial 
substrate and 12 ug. for 0.85 umole, respectively) were based on 
the rate of degradation of TpT (1) (V., for this as previously de- 
termined, 300 wmoles per hour per mg. of protein). 

Thus all the lower homologues appear successively; mononu- 
cleotide accumulates and thymidine appears only towards the 
completion of degradation. The mononucleotide is, as expected, 
thymidine 5’-phosphate, since it was rapidly dephosphorylated 
by the 5’-nucleotidase in crude venom. 

Individual experiments with lower homologues, TpTpTpT 
and TpTpT, confirmed the above pattern of stepwise hydrolysis. 
Furthermore with TpTpC, the first mononucleotide to be liber- 
ated was pC. 

These results point to a stepwise attack by the enzyme from 
the end of the oligonucleotide chain bearing the 3’-hydroxyl 
group (Diagram 1). 

Hydrolysis of Oligonucleotides Bearing 5'-Phosphate End Groups 
—Results of kinetic study of the degradation of pTpTpTpT are 
shown in Fig. 3. Again, all the lower homologues are detected 
as intermediates and it is concluded that the degradation is step- 
wise. It may be noted that in a separate experiment, the addi- 
tion to the reaction mixture of 0.02 m Mgtt+ did not affect the 
pattern of degradation. 

An interpretation of these results, which is consistent with 
those described in the preceding section, is that in this series as 
well, the degradation proceeds from the end of the chain bearing 
the 3’-hydroxyl group. The suggestion to the contrary has, 
however, been made previously by Privat de Garilhe and Las- 
kowski (8); namely, that the enzyme may cleave, successively, 
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Fic. 1. Reproduction of a chromatogram illustrating a kinetic 
study of hydrolysis of TpTpTpTpT by diesterase. System, in 37 
ul.: 10 wmoles of Tris, pH 8.9; 13 OD units (267 mg) of TpTpTpTpT 
(0.27 wmole); 11 yg. of diesterase. Aliquots of 6 ul. removed at 
times shown, mixed with 1 ul. of glacial acetic acid and chromato- 
graphed in Solvent A, overnight. In the figure the origin is at 
the left. Products are 1, TpTpTpTpT; 2, TpTpTpT; 3, TpTpT; 
4, pT; 6, TpT; 6, thymidine. Numbers within spots are the per- 
centage of the thymidine residues (OD at 267 muy) present in the 
aliquot. 
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Fic. 2. Kinetic study of degradation of TpTpTpTpT by di- 
esterase. System as in Fig. 1 except 41 OD units (0.85 umole) of 
substrate, 12 wg. of diesterase, and chromatography continued 3 
days (TpT and thymidine have run off the paper). Products are 
Curve 1, pT; Curve 8, TpTpT; Curve 4, TpTpTpT; Curve 5, TpTp- 
TpTpT. The numbers of the curves correspond to the number of 
nucleosides in the products. 


nucleoside 5’-phosphate units from polynucleotide ends bearing 
¥-phosphate groups. In order to decide between the two possi- 
bilities, experiments were carried out on (a) thymidine tetranu- 
cleotide in which the 3’-hydroxyl group was acetylated (Diagram 
2,7) and (6), on the trinucleotide, pTpTpC (Diagram 2, //). 
Results of degradation of 3’-O-acetyl thymidine tetranucleotide 
(I) are shown in Fig. 4. This hydrolysis was carried out at pH 
8, in view of the lability of the acetyl group in more alkaline 
solution. Although substitution of the 3’-hydroxyl group by 
acetyl slows down the attack by the enzyme (1), 3’-O-acetylthy- 
midine 5’-phosphate was again found to be the first mononucleo- 
tide product of the action of the enzyme. Since the second prod- 
uct of initial attack, pTpTpT, was expected to be attacked more 
rapidly than the acetylated tetranucleotide, pTpT and pT were 
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Schematic representation of the action of the diesterase on 
TpTpTpTpT. Dashed arrows refer to the points at which hy- 
drolysis occurs. 
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Fic. 3. Kinetic study of degradation of pT pTpTpT by dies- 
terase. System contained 20 OD units (0.53 umole) of pTpTpTpT, 
10 wmoles of Tris, pH 8.9, 17 ug. of diesterase (paper chromatog- 
raphy on pTpT indicated 520 umoles per hour per mg. of protein), 
in 54 yl. Aliquots of 16 ul. chromatographed 4 days in Solvent A. 
Numbers within spots are the percentage of the thymidine residues 
(OD at 267 my) present in the aliquot. 
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Fig. 4. Kinetic study of degradation of 3’-O-acetyl-pTpTpTpT 
by diesterase. System, in 137 ul.: 10 OD units (0.26 umole) of 
substrate; 10 wmoles of Tris, pH 8; 8 ug. of enzyme. Aliquots of 
30 wl. removed, treated with 3 yl. of acetic acid. Chromato- 
graphed in Solvent B for 20 hours. The slowest travelling spot, 
which was a mixture of pTpTpT and undegraded 3’-O-acetyl- 
pTpTpTpT, was eluted, the solution evaporated, and treated with 
concentrated ammonia and redried. The trinucleotide and the 
deacetylated tetranucleotide were now separated in Solvent A 
(3 days). The figures in parentheses are the percentage of the 
optical density (at 267 mu) of the material applied to the origin 
identified as pTpTpT. The figures in the spots are values for the 
other components. 
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TABLE I 
Hydrolysis of pT pT pC 
The reaction mixture contained 10 umoles of Tris, pH 8.9, 10 
OD units (0.35 umole) of pTpTpC, and 4.3 yg. of diesterase, in 
35 ul. Aliquots of 10 yl. plus 1 ul. of acetic acid chromatographed 
in Solvent A, 2 days. Data in umoles. 




















Compound* 
Time 
pTpTpC |  pTpT pc pT 
(0.22) | (0.56) (0.70) (1.0) 
min. 
2 0.08 | 0.018 0.02 0.002 
6 0.06 0.027 0.04 0.022 
15 0.04 0.036 0.05 0.034 





* Figures in parentheses are R, values. 


also to be expected in the short time aliquot. pTpTpT, the tri- 
nucleotide formed first, coincided with the starting material in 
the solvent system used (Solvent B) (1), and its amount was 
calculated by hydrolysis of the eluted material with ammonia 
and subsequent chromatography in Solvent A (see legend to 
Fig. 4). The results thus again indicated that degradation 
began from the end bearing the 3’-acetyl group. Had it begun 
from the end bearing the 5’-phosphate group, pT would have 
accumulated far in advance of 3’-acetyl-pT, and intermediates 
of the type 3’-O-acetyl-pTpTpT and lower homologues should 
have resulted. None of these products was detected. The pos- 
sibility that such products might have been superimposed on the 
spots corresponding to the unacetylated lower homologs was 
eliminated by eluting the spots, treating the eluate with am- 
monia, and rechromatographing in Solvent A. 

Confirmatory results, obtained on the hydrolysis of pT pTpC 
are shown in Table I. Thus the mononucleotide formed first 
was pC, the dinucleotide pTpT was a major intermediate, and 
no pTpC was detected. 

Hydrolysis of Cyclic Oligonucleotides—Intermediates in the hy- 
drolysis of cyclo-pTpT, cyclo-pTpTpT, and so forth, have not 
been observed. Incubation of these compounds with diesterase 
results in a slow liberation of pT (1), the rate of which appears 
independent of the size of the oligonucleotide. Thus, at a time 
when 39 per cent of the cyclo-pTpT had been cleaved to pT, 48 
per cent of the cyclo-pTpTpT, and 35 per cent of the cyclo- 
pTpTpTpT were hydrolyzed. Although the initial product of 
enzymic attack must be the corresponding linear oligonucleotide, 
failure to detect it is probably due both to its greater rate of hy- 
drolysis and to tighter binding to the enzyme of the linear form 
and subsequent linear intermediates (1). 


DISCUSSION 


The present work has elucidated the mode of action of the 
venom phosphodiesterase. Thus, hydrolysis occurs stepwise 
from the end of the chain bearing the 3’-hydroxyl group on the 
terminal nucleoside. Work carried out by Singer et al. (9) and 
our own more recent studies* on polyribonucleotides confirm this 
mode of action of the enzyme. 

The above “exopolynucleotidase” type of action by the en- 
zyme is not absolute, since cyclic oligonucleotides, which lack 
terminal groups, were also slowly hydrolyzed. In addition, pre- 


3 W. E. Razzell and H. G. Khorana, unpublished work. 
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vious studies with oligonucleotides bearing 3’-phosphomonoester 
groups (10) as well as recent experiments in this laboratory (11) 
have shown that these compounds, which are hydrolyzed even 
more slowly, are attacked rather randomly at points within the 
oligonucleotide chain. From the competitive inhibition studies 
and the constant ratio of activities toward linear and cyclic 
oligonucleotides during purification (1) it appears that only one 
enzyme is involved in the exo- as well as endopolynucleotidase 
action. 

The exopolynucleotidase action of the enzyme offers promise 
for the sequential analysis of polynucleotides bearing 3’-hydroxy] 
(deoxyribopolynucleotides) or 2’- and 3’-hydroxyl groups (ribo- 
polynucleotides). From the present results it is clear that the 
endopolynucleotidase action is insignificant for oligonucleotides 
of this type and it is possible that it would be reduced further 
due to the hydrogen bonded internal structure of larger poly- 
nucleotides. Earlier studies (12) had indicated that deoxyribo- 
nucleic acids are attacked in an exopolynucleotidase fashion and 
a recent study by Adler et al. (13) on venom phosphodiesterase 
degradation of deoxyribonucleic acids in which a limited number 
of labeled deoxyribonucleotide units were added to the 3’-hy- 
droxyl end of the pre-existing polynucleotide chains, have con- 
firmed this view and furthermore provided confirmation of the 
mode of action of the enzyme as established here. 

Concurrent work with spleen phosphodiesterase (14), which 


W. E. Razzell and H. G. Khorana 


2117 


already has been briefly reported (3), shows that this enzyme 
also preferentially attacks polynucleotides in a stepwise and 
exopolynucleotidase fashion. Its action is complementary to 
that of the venom diesterase in that it begins from the end of the 
chain bearing the 5’-hydroxyl group, liberating nucleoside 3’- 
phosphate residues. The mode of action shown for these en- 
zymes appears to be common to others, for example, polynucleo- 
tide phosphorylase (15). 


SUMMARY 


Kinetic studies of the degradation of several series of deoxy- 
ribo-oligonucleotides by venom phosphodiesterase have been 
carried out. The compounds studied were thymidine oligonu- 
cleotides lacking terminal phosphomonoester groups, thymidine 
oligonucleotides bearing 5’-phosphomonoester groups, thymidine 
tetranucleotide bearing a 3’-O-acetyl group at one end, and a 5’- 
phosphomonoester group at the other end, and deoxycytidylyl- 
(5’ -3’) -thymidylyl- (5’-3’) -thymidylic-(5’) acid. The general 
mode of action of the phosphodiesterase has been shown to be 
stepwise from the end of the oligonucleotide chain bearing a 
3’-hydroxyl group, resulting in the successive liberation of nucleo- 
side 5’-phosphate units. 

Cyclic oligonucleotides which do not have any terminal group 
were hydrolyzed slowly by the phosphodiesterase; no intermedi- 
ates could be detected during their degradation. 
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The main pathway for acetate metabolism in Escherichia coli 
grown on complex substrates has been shown by Swim and 
Krampitz (4, 5) to be the tricarboxylic acid cycle. Since E. 
coli can grow in a medium containing acetate as the only carbon 
source (6), some other pathway or pathways must be operative 
in this microorganism by which the 4-carbon acceptor may be 
synthesized from acetate. In order to investigate the nature of 
the reactions occurring in E. coli grown on acetate, we have em- 
ployed initially the kinetic approach used by Calvin et al. (7, 8) 
in determining the pathway of carbon in photosynthesis. 

The present report presents evidence that, under the experi- 
mental conditions employed, the formation of succinate from 
acetate precedes that of other members of the tricarboxylic acid 
cycle and that acetylecoenzyme A may be an intermediate in this 
conversion. 


EXPERIMENTAL 


Cultivation of Organism—All experiments were carried out with 
E. coli, Crooks strain; American Type Culture Collection No. 
8739. Stock cultures were maintained on nutrient agar slants 
in the refrigerator and subcultured at monthly intervals. Liq- 
uid cultures were prepared by inoculation of the stock culture 
into 10 ml. of acetate-medium in a 250-ml. Erlenmeyer flask. 
One liter of acetate-medium contained the following: ammonium 
chloride, 1.0 gm.; dibasic sodium phosphate, 10.0 gm.; mono- 
basic potassium phosphate, 3.0 gm.; magnesium sulfate, 0.2 gm.; 
sodium chloride, 0.5 gm.; glacial acetic acid, 2.2 ml. The pH of 
the medium was adjusted to 7.0 with 2.5 n NaOH before steri- 
lization. All cultures were incubated on a horizontal rotary 
shaker at 37°. After 18 hours the 10-ml. culture was used to 
inoculate 100 ml. of fresh acetate-medium in a 250-ml. Erlen- 
meyer flask. A 10-ml. aliquot was removed from this culture 
after 18 hours of incubation and used to inoculate 100 ml. of 
fresh acetate-medium. The transfer of 10 ml. of 18-hour-old 
culture into 100 ml. of fresh acetate-medium was repeated for a 
total of five transfers. The last 110-ml. culture was used as the 
inoculum for 1 |. of acetate-medium contained in a 2-1]. Erlen- 
meyer flask and incubated as before for 18 hours. The pro- 


* Preliminary reports of this work have been presented (1-3). 
This investigation was supported by research grants from the 
National Institutes of Health, United States Public Health Service 
(E692), and the National Science Foundation (G3346). A portion 
of this material was taken from the dissertation submitted by 
A. J. Glasky in partial fulfillment of the requirements for the 
Ph.D. degree in the Graduate College at the Chicago Professional 
Colleges of the University of Illinois. 

+t Predoctorate Research Fellow of the National Institutes of 
Health, United States Public Health Service. 


cedure to this point was invariably followed to produce a stand- 
ardized, acetate-adapted E. coli. The 1110-ml. culture was used 
as the inoculum for 6 1. of acetate-medium contained in a 12-], 
Florence flask. The cultures in the 12-1. flasks were agitated by 
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passing compressed air through sterile cotton filters and a sin- | 


tered glass sparger of medium porosity. The culture was in- 
cubated for 18 hours and the bacteria were harvested by cen- 
trifugation in the Sharples supercentrifuge. 
mass (2.5 to 3.0 gm. wet weight per 1.) was resuspended in 
sufficient acetate medium to give a 5 per cent (weight per volume) 
bacterial suspension and incubated 43 hours. After resuspen- 
sion in fresh medium and a 20-minute incubation, radioactive 
substrate was added. A typical experiment involved the ad- 
ministration of 1 me. of isotopically labeled compound to 50 to 
100 gm. (wet weight of bacterial cells). Aliquots of the cultures 
were removed at specified times and rapidly chilled in a dry-ice 
acetone bath. The cells were separated from the radioactive 
medium by centrifugation in the cold (0-5°) and washed once 
with an equal volume of cold water. 

Isolation and Determination of Metabolites—An acetone-ex- 
tract was prepared from the washed cell mass by the procedure 
of Swim and Krampitz (5). The nonvolatile portion of the ace- 
tone-extract was separated into an amino acid fraction and a 
carboxylic acid fraction by the use of Dowex 50 ion-exchange 
columns (9). These two fractions were resolved into their in- 
dividual components by the combined use of ion-exchange chro- 
matography and filter paper chromatography. Carboxylic acids 
were isolated and identified by chromatography on Dowex 1 ion- 
exchange columns (10) and by filter paper chromatography with 
several solvent systems (11-13). Keto acids were identified as 
their 2,4-dinitrophenylhydrazine derivatives (14, 15). Specific 
tests were employed for the identification and determination of 
hydroxypyruvic acid (16), citric acid (17), and acetyleoenzyme A 
(18). In addition, enzyme assay was used for further identifica- 
tion of succinic acid (19) and isocitric acid (20). Amino acids 
were isolated and identified by chromatography on Dowex | 
and Dowex 50 ion-exchange columns (21) and by filter paper 
chromatography employing several solvent systems (22, 23). 
Amino acids were also identified as their dinitrobenzene deriva- 
tives (24). 

Organic acids were quantitatively determined by microtitra- 
tion. With the apparatus employed it was possible to titrate 
4 X 10-* m.eq. of acid with 0.1 N base. Replicate titrations of 
the same sample gave values within +3 per cent. 

Determination of Radioactivity—All measurements of radioac- 
tivity were made with an assembly consisting of a shielded mica 


end window gas flow counter and an automatic sample changer. 
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Liquid samples were dried on copper planchets and a sufficient 
number of counts were observed to ensure a standard counting 
error within +5 per cent. Appropriate corrections for back- 
ground, self-absorption, and variations in counter efficiency were 
made as required. In some preliminary experiments, segments 
of paper chromatographic strips were counted in the above ap- 
paratus. All values obtained from paper chromatographic strips 
were multiplied by a factor of 4 to provide a comparison with 
values obtained from planchets prepared from liquid samples, 
since paper strips were found to exhibit 75 per cent self-absorp- 
tion. Radioautograms were frequently prepared from paper 
chromatograms by conventional techniques with Kodak ‘‘no- 
sereen”’ x-ray film. 


RESULTS 


Incorporation of Acetate-1- and -2-C'*—In order to determine 
the effectiveness of the chilling process for stopping the metabo- 
lism of the cells, sodium acetate-1-C“ was administered to a 
typical culture and the suspension immediately chilled. The cell 
mass was harvested by centrifugation at 0°, washed once with 
water, and aliquots of the washed cells dried on planchets and 
cell radioactivity determined. Essentially no radioactivity was 
found to be associated with the cells, indicating the efficacy of 
the procedures employed. 

Table I shows the results of a typical experiment with ace- 
tate-1-C“%, At 30 seconds, 59.4 per cent of the total radioac- 
tivity incorporated into the nonvolatile fraction was present in 
succinate. Malate and fumarate, although present in the ex- 
tract, contained no detectable labeling and isocitrate contained 
only 2.2 per cent of the total radioactivity incorporated into the 
nonvolatile fraction. Some 8.2 per cent of the radioactivity was 
present in other carboxylic acids and unidentified compounds, 
the possible nature of which will be discussed later. A large 
proportion of the radioactivity (18.8 per cent) was present in 
glutamate. Aspartate contained 4 per cent of the radioactivity 
and another 3 per cent was distributed in alanine, glycine, serine, 
threonine, and other free amino acids. These proportions 
changed considerably with time: the percentage present in suc- 
cinate decreased to 38 per cent by 2 minutes and to 16 per cent 
by 5 minutes, whereas the radioactivity in malate, fumarate, 
isocitrate, glutamate, aspartate, and other amino acids increased. 
Within 2 minutes, radioactive pyruvate, hydroxypyruvate, and 
tartrate were present. These are included in Table I under 
unidentified and other carboxylic acids. It would appear from 
the above data that isotope from acetate had been incorporated 
in substantial quantities into succinate before being incorporated 
into malate, fumarate, isocitrate, or the other compounds iso- 
lated. 

A detailed analysis of the distribution of isotope from acetate- 
2-C¥ in the nonvolatile fraction with time is given in Table IT. 
The results closely paralleled those obtained with acetate-1-C™ 
in that succinate contained the largest portion of the radioac- 
tivity at the earliest time period investigated. The percentage 
of total radioactivity present in succinate decreased with time, 
whereas the percentage distribution in all other compounds de- 
tected increased with time. The specific activities and pool 


sizes of four of the more important compounds were determined 
for the 0.5- and 5-minute periods and are presented in Table 
Ill. The specific activity of succinate at both time periods was 
considerably higher than the specific activities of the other three 
compounds. Calculations of the pool size (Table ILI, Row 3) 
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Percentage distribution of C™ from acetate-1-C with time in the 
nonvolatile fraction of E. coli 





Percentage distribution 






































Compound 
0.5 minute | 2 minutes | 5 minutes 
- 
SEB Ps Stee | 59.4 38.0 15.9 
| GS a Cee 0.0*| 2.0 4.6 
ot a sccuaasercue aware | 0.0* 2 5 5.4 
I ibaa ceases daaeastex 4 2.2 6.0 15.5 
Unidentified compounds and | 
other carboxylic acids........ 8.2 8.3 8.8 
GIR is. cs stescsws | 18.8 27.6 33.9 
Other amino acids.............. 7.2 9.3 10.0 
Nonvolatile fraction, total 
EN ee ere 365,070 (740,890 (3,225,000 
Carboxylic acid fraction, total 
DS o5.+ b03 ane Seal cmankase 252,800 (395,076 (1,475,000 
Amino acid fraction, total 
MMR a ddatdckcusekikesssed 112,000 (364,326 [1,750,000 
Weight of cells, gm............. 32.0 24.6) 50.0 
* Detectable but not radioactive. 
TaBLe II 
Percentage distribution of C* from acetate-2-C™ with 
time in nonvolatile fraction of E. coli 
Percentage distribution 
Compound 
0.5 minute | 2 minutes 5 minutes 
SN Siv.c. awvanios cian ween =& 24.5 14.7 
Pisin, .cscaksonawetdecey enn 3.6 4.0 2.8 
NS. sinned wae 6% ean ears ones 0. 9 2.1 2.8 
EAS int neal 10.9 15.1 7.0 
Unidentified compounds and | 
other carboxylic acids......... 10.2 10.1 18.2 
Er re 17.2 30.1 20.5 
Other amino acids............... 8.6 14.1 34.0 
Nonvolatile fraction, total 
Oe OE eee eae e oy. 303,520 (341,150 /|1,163,360 
Carboxylic acid fraction, total 
WSES Sis so cer Vacees dete 225,500 /|190,400 527,800 
Amino acid fraction, total c.p.m..| 79,220 (151,360 632, 590 
Weight of cells, gm.............. 41.0) 13.6 18.2 











indicate that the content of malate and glutamate remained 
constant, whereas that of succinate and isocitrate increased 115 
and 207 per cent, respectively, during the experiment. 

After suitable dilution with inert material, the glutamate from 
the 5-minute time period in the above experiment was degraded 
by the method of Mosbach et al. (25) to determine the intra- 
molecular distribution of isotope. The data in Table IV show 
that the isotope from acetate-2-C™ was localized mainly in three 
carbon atoms of glutamate. Carbon atoms 2 and 4 were essen- 
tially equally labeled and contained twice the activity of car- 
bon 3. 

Since the outcome of experiments of the type presented here 


1 The authors wish to thank Mr. Richard Ruben for carrying out 
this degradation. 
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TaB_e III 


Specific activities and pool sizes of compounds isolated from E. coli 
after incubation with acetate-2-C' 






































Succinate Malate | Isocitrate Glutamate 
osmin-|, | 95 | 5 [05] $ | O5 | 5 min 
ute | Saineton iMate | tec] whe |wteo| ame | = 
Specific activ- 
ity 
c.p.m./umole. ./68,600 |130,000 | 350/2560} 268) 486/2550 |26, 200 
c.p.m./umole 
_ ere 17,150 | 32,500 | 88) 640) 45) 81) 510 | 5,240 
¢.p.m./umole 
of labeled 
carbon 
atom....... 34,300*| 65,000* 15607/15, 7207 
Total c.p.m./ 
gm. cells 
(5 X 4)f....] 3,600 | 9,396 | 267/1790) 807|4474/1273 |13,103 
umole com- 
pound/gm. 
cells (2/ 
SS ee 0.052) 0.11 |0.76)0.70| 3.0) 9.2) 0.5 0.5 
Percentage dis- 
tribution. ..| 48.6 14.7 {3.6 /2.8 |10.9) 7.0)17.2 | 20.5 
Nonvolatile 
fraction, 
c.p.m./gm. 
er 7,403 | 63,917 
| 




















* Calculated for two labeled carbon atoms. 

¢ Calculated for three labeled carbon atoms. 

t Nonvolatile fraction X percentage distribution. 
§ Total c.p.m. per gm. cells/c.p.m. per umole. 


TasB_e IV 


Distribution of isotope in glutamate isolated from E. coli 
incubated 5 minutes with acetate-2-C™ 








Glutamate carbon atom C.p.m./sample* Total activity 
% 

1 303 6.3 
2 1732 35.9 
3 835 17.3 
4 1862 38.6 
5 89 1.9 

4821 100.0 











* C.p.m. per infinitely thick sample of BaCOs. 


may well be decided by the procedures employed, additional ex- 
periments with acetate-3-C™ were carried out using an alternate 
method of isolation of compounds. The modified isolation pro- 
cedures of DeMoss and Swim (26) were employed in the experi- 
ment reported in Table V. With this technique it was possible 
to isolate two additional compounds. One of these is tentatively 
identified as acetylcoenzyme A by the methods described by 
Stadtman (18). These included enzymatic assay by trans- 
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acetylase, hydroxamic acid formation, comparison of chromato- 
graphic behavior with authentic acetyleoenzyme A, and the 
demonstration by the nitroprusside reagent of the presence of a 
thiol ester. In addition acid hydrolysis of the sample in a Con- 
way chamber showed the radioactivity to be associated with the 
volatile component. The second compound, compound U,, is 
presumed to be S-acetylglutathione. Compound U; had several] 
properties in common with material synthesized by the pro- 
cedure of Wieland and Bokelmann (27) and believed to be S-ace- 
tylglutathione. Both samples gave a positive ninhydrin reac- 
tion, showed an absorption maximum at 390 mu, and exhibited 
the same Rp values in several solvent systems. The data in 
Table V show that the percentage distribution of isotope in 
acetylcoenzyme A, compound U3, and succinate decreased with 
time, whereas the percentage distribution in other detectable 
compounds increased. At the earliest time period employed, 
acetyleoenzyme A contained the largest portion of the incor- 
porated radioactivity from acetate-2-C™. 


DISCUSSION 


Although Koser (6) had shown as early as 1923 that coliform 
organisms could grow on acetate as the sole carbon source, no 
satisfactory mechanism by which this might occur was estab- 
lished in the ensuing years. A direct condensation of 2 mole- 
cules of acetate to yield succinate was suggested by Thunberg 
(28), but no definite experimental evidence for this possible re- 
action was forthcoming. The problem of how E£. coli might 
grow on acetate as the sole carbon source was initially approached 
in the present experiments with intact cells. It seemed reason- 
able to first establish the physiological significance of a series of 
reactions and then to seek detailed information at the enzymatic 
level. 

Experiments of the type reported in Tables I, II, and V, in 
which the percentage distribution of isotope from acetate with 
time was followed, should allow a description of the pathway of 
carbon in the system. The data presented in Tables I and II 
implicated succinate as being the earliest detectable stable inter- 
mediate formed from acetate. Neither malate, fumarate, iso- 
citrate, pyruvate, hydroxypyruvate, glutamate, nor aspartate 
met the requirements set forth by this type of kinetic analysis, 
Subsequent experiments with more dilute cultures (1 to 2 per 


TABLE V 
Percentage distribution of C™ from acetate-2-C" with 
time in carborylic acid fraction of E. coli 





Percentage distribution 








Compound 
| 0.5 minute | 2 minutes 5 minutes 
Acetyleoenzyme A............ | 29.0 7.6 -* 
Compound U3................. | 15.1 12.5 2.7 
SII 2c cob sSbeeee vieene | 20.9 13.5 4.3 
RE 528k ow eka bt bcuscwweu 1.2 13.2 28.2 
IID 50 3scaicin's seers sw honiearsiak | 14.5 23.3 10.4 
IS 5irhwoeadaa cum | 10.0 19.0 40.4 
Other carboxylic acids. ....... 9.3 11.9 14.0 
| 
Total c.p.m. in carboxylic acid | 
TIE. cstressvcccescescc] WasOeD 91,800 185,000 
Weight of cells, gm............ | 14.8 7.4 7.4 











* Not detectable. 
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cent) have not yielded results substantially different from these. 
A possible limitation of this type of analysis might be that a 
compound with a large metabolic ‘“‘pool” could conceivably trap 
a major portion of the radioactivity without being the first stable 
intermediate. This possibility was tested in the experiment re- 
ported in Table III in which the specific activities of succinate, 
malate, isocitrate, and glutamate at two time periods were deter- 
mined and the respective pool sizes calculated. The argument 
here is that if a compound were trapping a large amount of 
radioactivity only by virtue of having a large pool, the specific 
activity of this pool should be low and it could be disqualified 
on this basis as an early intermediate. The observation that 
the specific activity of succinate either on the basis of ¢.p.m. per 
ymole or c.p.m. per umole of C was considerably higher than the 
specific activities of the other three compounds at both time 
periods would seem to obviate the above possibility. Degrada- 
tion of the succinate sample from the later time period has 
shown that over 90 per cent of the isotope was in the methene 
carbon atoms. It is presumed that a similar distribution would 
be found in the sample from the earlier time period. In the 
case of glutamate some 92 per cent of the radioactivity was 
localized in three carbon atoms (Table IV). The calculations 
for pool sizes in Table III reveal that those of malate and glu- 
tamate remained constant whereas those of succinate and iso- 
citrate increased 115 and 207 per cent, respectively, during the 
course of the experiment. The calculated pool sizes for malate 
were 15 and 6.4 times that of succinate for the two time periods 
while those of isocitrate were 57 and 84 times those for succinate. 
If the assumption is made that two carbon atoms of malate and 
three carbon atoms of isocitrate are labeled and corrections are 
made for the differences in pool sizes between these compounds 
and succinate, the corrected specific activities of these carbon 
atoms still do not reach the level found in the labeled succinate 
carbon atoms. For example, the calculations for malate at the 
two time periods are: 
corrected specific activity = 175 X 15 = 2,625 
= 1,790 X 6.4 = 11,456 


The corresponding calculations for isocitrate gave values of 7,695 
and 20,412. These values are to be compared with those for 
succinate of 34,300 and 65,000 for the two time periods. It may 
also be seen that even if only one carbon atom of malate and iso- 
citrate were labeled that the corrected specific activities would 
still not equal the values for succinate. When similar calcula- 
tions are made on the basis of the known isotope distribution in 
glutamate, the values 7,020 and 70,740 are obtained. This latter 
value, within experimental error, corresponds closely to the value 
for succinate of 65,000 and these may be compared with the 
specific activity of the acetate employed, which was 154,000 
«p.m. per umole of carbon 2. What possible effects the changes 
in pool sizes observed might have had on the experimental results 
are not readily apparent. The fact that the major portion of 
total radioactivity incorporated in the earlier time periods was 
present in succinate and the observation that succinate exhibited 
specific activity relationships which were compatible with its 
being formed before malate or isocitrate were taken as evidence 
at this point of the experimentation that succinate was the first 
stable intermediate formed from acetate under the experimental 
conditions employed. 

The question arises as to the origin of glutamate in this system. 
Since it acquires at early time periods a greater amount of radio- 
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activity than isocitrate and has much higher specific activities at 
both time periods than isocitrate, it would appear not to be 
derived from isocitrate via a-ketoglutarate. The labeling pat- 
tern in glutamate shown in Table IV is also not consistent 
with glutamate being formed from acetate via a conventional 
tricarboxylic acid cycle. The nature of the pathway for glu- 
tamate formation is unknown and is currently under investiga- 
tion. 

It was recognized that any interpretations made would be sub- 
ject to the limitations of the isolation procedures employed. 
For this reason an alternate method of isolation was employed 
to serve as a means of comparison. This experiment, reported 
in Table V, allowed the detection and isolation of two additional 
compounds. One of these, acetyleoenzyme A, would appear on 
the basis of the kinetic analysis to be an earlier product from 
acetate than succinate. The other compound (compound Us), 
which may be S-acetylglutathione, is difficult to place in any 
possible sequence. Glutathione and other sulfhydryl compounds 
are quite reactive and can readily undergo exchange reactions 
with thiolesters (27). The S-acetylglutathione could, therefore, 
be formed nonenzymatically from acetyleoenzyme A. 

Although we have assayed acetate-adapted cells for the pres- 
ence of the enzyme system described by Krakow and Barkulis 
(29) for the formation of hydroxypyruvate from glyoxylate, its 
presence has not been demonstrable. The minimal amount of 
radioactivity found in hydroxypyruvate further minimizes this 
pathway as being of significance for the growth of E. coli on 
acetate. 

The increase in the per cent of total incorporated radioactivity 
in malate and isocitrate as a function of time and the observa- 
tion that the specific activities of these compounds were consider- 
ably lower than that of succinate indicates that these could not 
have been formed from acetate before the formation of succinate. 
This would presumably eliminate the operation of the glyoxylate 
cycle (30-32), under the experimental conditions employed, al- 
though it is impossible to demonstrate the presence of isocitritase 
in our cells.? 

Experiments* with cell-free extracts prepared from E. coli 
grown under conditions identical to those used in this study and 
harvested in the log phase have yielded results essentially identi- 
cal with those reported here. The sequence of events appears to 
be the same, namely; acetate — acetyleoenzyme A — succinate. 
The possible role of S-acetylglutathione, presumably present, 
has not been ascertained. Radioactive malate is formed from 
acetate-2-C" only upon addition of an exogenous supply of gly- 
oxylate. Whether or not the relatively large amount of suc- 
cinate formed in these experiments inhibits the action of iso- 
citritase in our system remains to be determined. 


SUMMARY 


Cultures of Escherichia coli, Crooks strain, adapted by a stand- 
ardized procedure for growth on acetate as the sole source of 
carbon, were incubated for varying periods of time with acetate- 
1-C" and acetate-2-C™“, The distribution of incorporated radio- 
activity in various cellular metabolites was followed. A kinetic 
analysis of the data based on the change in percentage distribu- 
tion of total radioactivity in metabolic intermediates with time 
and the determination of specific activities of key intermediates 

2 The authors wish to acknowledge the generous assistance of 


Professor I. C. Gunsalus in aiding in the assay for isocitritase. 
3 A. Eichholz and M. E. Rafelson, to be published. 
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support the following sequence for the pathway of carbon under 
the experimental conditions employed. 


wo 


NOS 


10. 


11. 
12. 


13. 


14. 


15. 


Acetate-C"* Utilization by E. coli 


Vol. 234, No. 8 


Acknowledgments—The very capable assistance of Miss Mary 


Jane Firszt and Mr. Alexander Eichholz is gratefully acknowl. 


Acetate — acetylcoenzyme A — succinate edged. 
REFERENCES 
. Guasky, A. J., AND Rarewson, M. E., Jr., Federation Proc., 16. Dickens, F., anp Wituramson, D. H., Biochem. J., 68, 84 
16, 186 (1957). (1958). 
. Guasky, A. J., AND Rarewson, M. E., Jr., Abstracts of the 17. Ertincer, R. H., Goupsaum, L. R., anv Surrn, L. H., Jr, 
132nd meeting of the American Chemical Society, Washington, J. Biol. Chem., 199, 531 (1952). 
1957. 18. Staptman, E. R., in 8. P. Cotowick ano N. O. Kaptay 
. Guasky, A. J., E1rcunouiz, A., AND Raretson, M. E., Jr., (Editors), Methods in enzymology, Vol. III, Academic Press, 
Federation Proc., 17, 230 (1958). Inc., New York, 1957, p. 931. 
. Swia, H. E., anp Kramprtz, L. O., J. Bacteriol., 67, 426 (1954). 19. Neurexp, H. A., Scorr, C. R., anp Storz, E., J. Biol. Chem,, 
. Swim, H. E., anv Krampirz, L. O., J. Bacteriol., 67, 419 (1954). 210, 869 (1954). 
_ Koser, 8. A., J. Bacteriol., 8, 493 (1923). 20. Sacra, B. A., ano Guxsatos, I. C., J. Biol. Chem., 299, im 
TT a] (). 
_itniiuion oe Haas, C. H.W, Moss, &., ano Gumn, W. HJ. Am. Cg 
. O0c., ’ . 
8. wi M., The Harvey lectures series 46, (1948-1949), Charles 22. REDFIELD, R., Biochim. et Biophys. Acta, 10, 344 (1953). 
omas, Springfield, Illinois, 1950, p. 218. 23. #H : ne > 
4 . . Harpy, T. L., Hotitanp, D. O., anp Naytur, J. H. C., Anal, 
. Moupave, K., Rarevson, M. E., Lacersore, D., PEARSON, 
H. E., anp WINzLER, R. J., Arch. Biochem. Biophys., 50 Chem., 27, 971 (1955). 
383 (1954) ee acal ais , : nee  * — S., anpD Lowtuer, A. G., Biochem. J., 48, 12% 
Buscu, H., Hurvpert, R. B., anv Porter, V. R., J. Biol. 95, Mossacu, E. H., Puares, E. F., anv Carson, 8. F., Arch, 
Chem., 196, 717 (1952). oe Biochem. Biophys., 33, 179 (1951). 
Barnabas, J., AND Josut, G. V., Anal. Chem., 27, 443 (1955). 98. DeMoss, J. A., aNp Swim, H. E., J. Bacteriol., 74, 445 (1957), 
Bucn, M. L., Montgomery, R., anp Porter, W. L., Anal. 97, WIELAND, T., AND BoKELMANN, E., Angew. Chem., 64, 59 
Chem., 24, 489 (1952). (1952). 
Benson, A. A., Bassuam, J. A., Catvin, M.,Goopate, T.C., 28. Tuunsere, T., Skand. Arch. Physiol., 40, 1 (1920). 
Haas, V. A., anp Srepka, W., J. Am. Chem. Soc., 72,1710 29. Krakow, G., AND BarKuLts, 8., Biochim. et Biophys. Acta, 
(1950). 21, 593 (1956). 
CavALuIni, D., AND FrontALe, N., Biochim. et Biophys. Acta., 30. Kornpera, H. L., anp Mapsen, N. B., Biochem. J., 68, 549 
13, 439 (1954). (1958). 
CavaLLIni, D., FRoNTALE, N., AND Toscui, G., Nature, 164, 31. Kornspera, H. L., anp Kress, H. A., Nature, 179, 988 (1957). 
792 (1948). 32. Wona, D. T. O., aNnpb Ast, 8. J., Science, 126, 1013 (1957). 


' 
' 
; 





THE 


phe 
trac 
den 
sys 
cou 
ava 
stre 
to. 
tox 
viv 
tio1 


by 
pu 
(27 


pre 


is ( 


ter 


(p 
ph 


lip 


XUM 





1, No.8 


iss Mary 
acknowl. 


‘+5 68, 84 
H., Jr., 


Kaptan 
ric Press, 


1. Chem., 
, 229, 305 
m. Chem, 


53). 
C., Anal, 


., 48, 12 
F., Arch, 
45 (1957), 
.» 64, 59 
ys. Acta, 
., 68, 549 


38 (1957), 
957). 





Tse JouRNAL oF BroLoaicaL CHEMISTRY 
Vol. 234, No. 8, August 1959 
Printed in U.S.A. 


DDT Dehydrochlorinase 


I. ISOLATION, CHEMICAL PROPERTIES, AND SPECTROPHOTOMETRIC ASSAY* 


HERBERT LIPKET AND C. W. KEARNS 


From the Department of Entomology, University of Illinois, Urbana, Illinois 


(Received for publication, January 10, 1959) 


The dehydrochlorination of 1,1, 1-trichloro-2,2-bis(p-chloro- 
phenyl)ethane to its nontoxic, ethylenic analogue, DDE,’ by ex- 
tracts of DDT-resistant houseflies (Musca domestica) was first 
demonstrated by Sternburg et al. (1). It was shown that this 
system was GSH-dependent and that no DDT dehydrochlorinase 
could be detected in DDT-susceptible flies by the means then 
available. The titer of DDT dehydrochlorinase in various 
strains of flies was directly proportional to the degree of resistance 
to DDT (2), and it was concluded that the presence of this de- 
toxicating system was a factor of major importance in the sur- 
vival of populations of houseflies exposed to DDT. The reac- 
tion is as follows: 


GSH 
(p-C1C6H4)2CHCCl; 


(p-C1C.H4)2C=CCl, + H* + Cl- 


The initial studies on the nature of DDT dehydrochlorinase 
relied on assays in which the substrate, DDT, was incorporated 
in the system in a particulate form, either in an ethanol-water 
emulsion, or on DDT-coated glass beads (1-3). This paper de- 
scribes a direct spectrophotometric assay suitable for kinetic 
measurements using egg yolk lipoprotein as a solubilizing agent. 
A method for the purification of the enzyme is also presented 
along with some properties of the enzyme. Substrate and co- 
factor specificity will be described in the following paper (4). 


EXPERIMENTAL 


Methods—At specific activities? < 0.05 protein was determined 
by biuret as modified by Robinson and Hogden (5). At higher 
purities the spectrophotometric method is suitable with E\%, 
(278 mu) = 9.8. 

Spectrophotometric Assay of DDT Dehydrochlorinase with Lipo- 
protein-solubilized DDT—At 25° the solubility of DDT in water 
is of the order of 10-4 umole per ml. (6). Although the product 
of DDT dehydrochlorinase action, DDE, exhibits solubility of 
asimilar magnitude, its strong absorbance in the 250 to 280 mu 


* This investigation was supported by grants from the National 
Science Foundation and the Rockefeller Foundation. Prelimi- 
hary reports were presented at the 1956, 1957, and 1959 April 
meetings of the American Society of Biological Chemists. 

t Present address, Entomology Branch, Directorate of Medical 
Research, Chemical Warfare Laboratories, Army Chemical Cen- 
ter, Maryland. 

'The abbreviations used are: DDT, 1,1,1-trichloro-2,2-bis- 
(p-chlorophenyl)ethane; DDE, 1, 1-dichloro-2,2-bis(p-chloro- 
phenyl )ethylene. 

* Specific activities refer to the spectrophotometric assay with 
lipoprotein unless otherwise stated. 


region of the spectrum (2) suggested that a direct spectropho- 
tometric assay could be devised, providing solubilization of the 
substrate and product could be achieved. The need for a rapid 
assay suitable for kinetic studies was made even more urgent 
when it was observed that preparations of specific activity >0.05 
no longer gave a linear response of activity versus protein concen- 
tration when measured by the glass bead method, presumably 
due to sorption of the enzyme on the beads. The use of a rela- 
tively mild solubilizing agent such as lipoprotein was indicated 
when preliminary studies showed that the surface active agents 
commonly used with water-insoluble substrates rapidly inac- 
tivated the enzyme. These included digitonin, lecithin, ionic 
and nonionic synthetic detergents, and mixed solvent systems 
of water and ethanol, butanol, dimethylformamide, or ether. 

A modification of the ultracentrifugal flotation technique of 
Dalalla and Gofman (7) was developed by Crespi (8) which 
provided unlimited quantities of the 8129 fraction of egg yolk 
lipovitellin. This material held about 12 umoles of DDT per 
ml. The turbidity of this material precluded its use in the 
spectrophotometer, but it may be used for solubilization of ma- 
terials where an optically clear preparation is not needed. Clari- 
fication can be effected by extraction with ether in the cold. The 
limitations of the spectrophotometric assay are the converse of 
the bead assay, enzyme preparations of specific activity <0.03 
can not be measured directly in the spectrophotometer due to 
the opacity of such crude preparations in the 260 to 280 my re- 
gion. 

Preparation of Lipoprotein—The yolks of 5 fresh eggs are 
rinsed free from the white and suspended in 4 per cent Na; 
citrate at 20°. Each gm. of yolk is suspended in 5 gm. of citrate 
solution (containing 500 ug. of neutralized Versene (ethylene- 
diaminetetraacetate) per ml.). Sufficient material is available 
for the full capacity of the No. 30 rotor of the Spinco model L 
centrifuge. The lipoprotein is centrifuged for 12 hours at 
80,000 x g at 2° and the clear lipovitellin gel at the meniscus 
of the tubes is removed and suspended in 75 ml. of 4 per cent 
citrate. The preparation is brought to 2° and extracted briefly 
and gently with 50 ml. of precooled ethyl ether. Four slow in- 
versions of the separatory funnel are sufficient to remove the 
turbidity from the aqueous phase. The lipovitellin is removed 
after 24 hours and freed from all but a trace of ether in a vacuum. 
The straw-colored stock solution of lipoprotein can be stored at 
2° for 4 to 5 months. 

Preparation of Lipoprotein-DDT—A 25-ml. Erlenmeyer flask is 
prepared containing 1 gm. of pavement marking beads coated 
with 20 mg. of DDT in the usual manner (2). A 10 ml. aliquot 
of the stock lipoprotein solution is freed from the last traces of 


2123 











2124 


TaBLe I[ 
Components of lipoprotein-DDT assay 
system for DDT dehydrochlorinase 
The system contained DDT or DDE, 0.24 umole in 4.6 mg. of 
lipoprotein; GSH, 13 pymoles; DDT dehydrochlorinase, 0.18 unit; 
phosphate, 275 uymoles, pH 7.4. Incubated at 25°, 8.5 minutes. 
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Fia. 1. Initial rate of DDT dehydrochlorinase reaction with 
lipoprotein-DDT. The system contains DDT dehydrochlorinase, 
0.3 unit; GSH, 10 umoles; DDT, 0.3 umole in 4 mg. lipoprotein; 
phosphate, 275 umoles, pH 7.4; volume, 3.5 ml. Measured at 25° 
after 90-second equilibration period. 
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Fig. 2. Effect of enzyme concentration on reaction rate. The 
complete system contains: DDT, 0.24umole in 4.2 mg. lipoprotein; 
GSH, 13 umoles; phosphate 275 umoles, pH 7.4; and DDT de- 
hydrochlorinase as indicated. Reaction period 8.5 minutes, 
measured at 25° after 90 second equilibration. 
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ether as determined by smell and added to the Erlenmeyer flask 
at room temperature. The flask is swirled gently until most of 
the crystals of DDT are no longer visible. A portion is centr. 
fuged free from beads at 10,000 x g and used for the assay. The 
unused lipoprotein-DDT preparation can be stored for 4 weeks 
at 7°. A second Erlenmeyer flask containing lipoprotein and 
beads but no DDT should also be prepared for use in the blank 
cuvette. 

DDT Dehydrochlorinase Assay—The procedure is the same as 
any spectrophotometric method, however, the addition of re. 
agents to the cuvette requires some attention since the lipoprotein 
will precipitate if added to enzyme solutions of very low ionic 
strength. To the 4-ml. cuvette are added 0.10 ml. of lipoprotein. 
DDT (containing about 0.3 umole of DDT), 300 umoles of phos. 
phate buffer, pH 7.4, and 0.1 to 0.2 unit of enzyme all at 25° and 
all in the order given. The volume is 3.0 ml. After mixing, 13 
umoles of GSH are added at 0° in 0.50 ml. of 0.10 m phosphate 
buffer, pH 7.4, by syringe. The rate of change of optical density 
at 260 my (AF 20) is recorded at 1-minute intervals after a lag and 
equilibration period of 90 seconds. A blank cuvette lacking only 
DDT is prepared for reference during the assay. Although the 
rate remains constant for 10 or 15 minutes (Fig. 1) only 4 or 5 
minutes are required to establish the average initial rate. Under 
these conditions higher levels of lipoprotein-DDT lead to no in- 
crease in rate. A linear relationship between activity and en- 
zyme concentration is shown in Fig. 2. Results may be ex- 
pressed as AEs per mg. of protein per minute or in terms of 
umoles of DDE formed per mg. protein per minute with a molar 
extinction coefficient at 260 mu of 14.5 XX 10° cm.* per mole, 
Table I shows that at 325 my where neither substrate nor prod- 
uct show absorbance, no significant change in optical density 
can be observed. 

Measurement of DDT Dehydrochlorinase with DDT-coated Glass 
Beads—The crude enzyme may be measured in fly homogenates 
or in ammonium sulfate fractions of fly extracts by the method of 
Sternburg et al. (2). In brief, 600 mg. of glass beads? are placed 
in a Warburg vessel followed by 11 umoles of DDT in 1 ml. of ace- 
tone. The solvent is removed with a stream of air and 1.0 ml. 
of 0.137 m phosphate buffer (pH 7.4) is added followed by 2.0 
ml. of enzyme preparation. After the addition of 13 wmoles of 
GSH in phosphate buffer to the side arm, the vessel is gassed 
with nitrogen during equilibration at 37°. At zero time the 
GSH is tipped in and the system is incubated for 90 minutes with 
shaking. The reaction is terminated with 3 ml. of concentrated 
H.SO, and the DDE formed is measured at 260 mu after extrac- 
tion of the reaction mixture with cyclohexane. 

Definition of DDT Dehydrochlorinase Unit and Specific Ac- 
tivity—A unit of enzyme effects a rate of change of optical density 
(AE 20) of 0.100 per minute under the conditions stated. Specific 
activity is defined as enzyme units per mg. of protein. One 
bead unit is equivalent to from 1 to 5 X 10-* spectrophotometrie 
units. This relation varies with the purity of the preparation 
by virtue of the nonlinearity of the bead assay. 


FRACTIONATION 


All manipulations including measurements of pH were carried 
out at 2° unless otherwise specified. Buffers routinely contained 


3 Pavement marking beads, 15 to 60 u diameter, No. 119, Min 
nesota Mining and Manufacturing Company, Minneapolis, Min- 
nesota. 
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500 ug. of neutralized Versene per ml. Glass distilled water was 
used throughout. Dialysis tubing was purified according to 
Klotz (9). DDT-resistant flies were reared by standard pro- 
cedures (10) from eggs laid by parents exposed to a DDT residue. 
The flies were stored at —20° before processing for periods up to 
4 months with minor losses in activity. 

Preparation of Homogenate—Frozen flies in 50 gm. batches are 
homogenized for 1 minute in 200 ml. of 0.1 m sodium thiomalate* 
(recrystallized), pH 7.4 (0.02 m with respect to phosphate), at 
half speed in the Waring Blendor. The speed is increased to 
full and maintained for an additional minute. The material is 
centrifuged for 5 minutes at 20,000 x g and the precipitate is 
discarded. 

Fraction I—The supernatant liquid is brought to pH 5.0 by 
the addition of 2 m acetic acid and centrifuged as before. The 
orange-brown supernatant is decanted through cheesecloth to 
remove the fatty layer and brought to —3° in a stainless steel 
beaker placed in a controlled low temperature bath. A methanol 
solution precooled to —20° is added to 40 per cent (volume per 
volume) concentration while the temperature is permitted to 
drop to —15° (75 mi. of methanol per 100 ml. of enzyme prepara- 
tion). The methanol contains 50 ml. 0.4 m sodium thiomalate 
(adjusted to pH 5.0) per liter. The suspension is centrifuged at 
4,000 x g for 5 minutes at —25° and the supernatant fluid is 
returned to the bath at —15°. The methanol concentration is 
raised to 65 per cent over a 45-minute period (130 ml. of addi- 
tional methanol-thiomalate per 100 ml. of original pH 5.0 en- 
zyme preparation) at —15 to —19°. The material is centrifuged 
as before and the precipitate is washed rapidly at 0° with a 
volume of 0.05 m KH2PO, equal to 20 per cent that of the original 
extract. The washings are removed by centrifugation at 0° 
and 5,000 x g and discarded. The precipitate is extracted with 
0.02 m NasCO; for 4 hours (5 to 10 per cent of the original vol- 
ume) and any insoluble material removed by centrifugation. 
The pink supernatant solution is dialyzed against 20 volumes 
(2 changes) of 0.05 m phosphate, pH 5.4, for 12 hours. The 
flocculent white precipitate is removed by centrifugation and 
the pale yellow supernatant solution is neutralized and dialyzed 
against 5 X 10-5 m neutralized Versene and lyophilized. 

Fraction II—A 1 per cent solution of the material from Frac- 
tion I is prepared in 0.1 m GSH (containing 0.01 m Versene) ad- 
justed to pH 6.0. The material is transferred to a stainless 
steel beaker and brought to 45° with gentle stirring by immersion 
in a water bath maintained at 49-50°. After 4 minutes the 
preparation is cooled to 2° and centrifuged free from insoluble 
material at 20,000 x g. The supernatant solution is neutralized, 
dialyzed against 20 volumes of dilute Versene, pH 7.4, and lyoph- 
ilized. 

Fraction III—Amberlite IRC-50 (XE-64) is prepared accord- 
ing to Hirs (11). The 150 to 200 mesh material is used exclu- 
sively. The resin is cycled three times through 3 n H3PO, and 
3Nn NH,OH. After the last alkaline pass the resin is washed 
with water until the washings are at pH 9.8 and transferred to 
the column. The dimensions of the column are 12 X 0.6 cm. 
for 10 to 12 units of enzyme (specific activity 0.6 to 0.8). The 
more dilute of the eluting buffers, 0.02 m ammonium phosphate is 
prepared by dissolving 6.6 gm. of (NH,)2HPO, in 4.9 1. of water, 
adjusting to pH 5.85 with 15 n H3PO,, and making to a volume of 
51. The more concentrated buffer, 0.50 m ammonium phos- 


‘Evans Chemetics, 250 East 43rd Street, New York, New York. 
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Taste II 
Fractionation of DDT dehydrochlorinase 
Initially 100 gm. of flies. 
Fraction Treatment ons —_ oon Yield 
mg. % 
Supernate of homogenate | 5000 23t | 0.0046t| 100 
I | 40 to 64% methanol 50 18.8 | 0.375 80 
II | Flash heating 19 13.2 | 0.705 | 57 
III | Chromatography 6.6 | 8.6 | 1.30 37 
IV | Calcium phosphate gel 3.0 | 6.5 | 2.12 28 
V | 35 to 65% methanol 0.25) 0.65 2.60 3.8 





* Specific activity of lipoprotein assay = AE 29/mg. protein/10 
minutes. 

7 Estimated from the specific activity of bead assay = 0.014 
umole DDE/mg. protein/90 minutes. 


phate, is prepared in the same manner. The column is equi- 
librated with the 0.02 m buffer before chromatography. 

About 10 units from Fraction II are dissolved in 3 ml. of 0.02 
m buffer and dialyzed against the same buffer for 4 to 6 hours. 
The enzyme is placed on the column, followed by an additional 
25 ml. of 0.02 m buffer. The column is transferred to a fraction 
collector for gradient elution. The mixing chamber should con- 
tain 110 ml. of the more dilute buffer, the reservoir 165 ml. of 
the 0.50 m buffer. Three-ml. fractions are collected at a rate of 
10 ml. per hour between the buffer concentrations of 0.24 and 
0.36 m as determined by the equation of Alm et al. (12). Those 
fractions exhibiting an increase in purity greater than 1.6 times 
the material of Fraction II are combined, dialyzed against Ver- 
sene, and lyophilized as before. The use of regenerated col- 
umns has not been successful. 

Fraction IV—Calcium phosphate gel is prepared according to 
Kunitz (13) and aged at least 10 months. From 10 to 30 units 
of enzyme are dissolved in 20 ml. of water and brought to pH 
6.0 with 0.2 m acetic acid. Any insoluble material is removed 
by centrifugation and gel (dry weight 33 mg. per ml.) is added 
in the amount of 1.0 ml. per 10 units of enzyme.’ After centrif- 
ugation at 1,000 x g the supernatant is discarded and the gel 
is washed once with 35 ml. of 0.037 m KH.PO, (pH 6.85) and 
once with water. The enzyme is eluted twice at room tempera- 
ture with 10 ml. of 0.25 m K;HPO,. The eluates are combined, 
dialyzed against Versene, and lyophilized. 

Fraction V—Ten to 15 units of enzyme are dissolved in 7 ml. 
of 0.1 m GSH (0.01 m Versene) at pH 5.0. The methanol thio- 
malate procedure of Fraction I is followed and the 35 to 65 per 
cent fraction is collected. No thiomalic acid other than that in 
the methanol is present in the enzyme solution. After dialysis 
against 0.05 m phosphate (pH 5.4) and neutralization with 0.3 
Nn NaOH the purified enzyme is held at 0° and used within 48 
hours. 

Remarks—The quantitative data concerning the fractionation 
are presented in Table Il. The nonlinearity of the bead assay 
makes it difficult to assess the specific activities of the original 
fly extract in terms of the lipoprotein assay. The value of 
0.0046 given in Table II represents a maximum for this term. 
Fly extracts have been prepared with barely measurable activity 
in terms of the bead assay which produced active material when 


5 Two other batches of aged gel (33 mg. per ml.) gave best re- 
sults at levels of 0.6 and 1.3 ml. per 10 units of enzyme. 
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Fic. 3. Effect of pH on activity of DDT dehydrochlorinase. 
The system contains: DDT, 0.20 umole in lipoprotein; GSH, 10 
umoles; DDT dehydrochlorinase 0.15 unit; phosphate, 175 umoles; 
tris(hydroxymethyl)aminomethane, 175 umoles, at indicated pH; 
incubated at 25°, 8.5 minutes; volume 3.5 ml. 


subjected to Step I of the fractionation scheme. In these in- 
stances the purification index required to achieve a specific ac- 
tivity of 2.6 was 4- to 8-fold greater than those encountered with 
more active preparations. This high degree of purification neces- 
sary is probably the result of the use of an entire multicellular 
animal rather than a specific organ as the starting material. 
Ammonium sulfate fractions of fly extracts may be prepared 
which show a specific activity of about 0.03. The enzyme pre- 
cipitates at 0.50 to 0.75 saturation at this stage, and neither the 
rejected ammonium sulfate nor the 0 to 40 per cent methanol 
fractions inhibit the enzyme. After Step III each lyophiliza- 
tion during the fractionation scheme is accompanied by a 20 
per cent loss in activity. A 20 per cent loss is sustained during 
dialysis of preparations of material of specific activity >0.4. 
Storage of 1 per cent solutions in the freezer at this purity level 
results in 50 per cent inactivation. The addition of GSH, KCN, 
glycine, or histidine buffers does not overcome losses in activity 
during dialysis, lyophilization, or freezing. No improvement in 
yield was obtained by fractionation procedures involving sorp- 
tion on activated charcoal, Zn(OH)s, or alumina gel Cy. Frac- 
tionation with protamine sulfate, nucleic acid, acetone, dioxane, 
or ethanol with or without the addition of Zn*++, Mn++, or Mo*t 
met with no success. Salt fractionation with dibasic ammonium 
phosphate or neutral or acid ammonium sulfate is to be avoided 
after Step II; only 50 per cent of the activity could be recovered 
at 0.95 saturation with these salts. Selective denaturation with 
Ag* met with only limited success. The effort involved in the 
rearing of resistant flies and the low yield and instability of the 
purified enzyme placed an obvious limit on the extent of investi- 
gations with material of high purity. 


Physical and Chemical Properties of DDT Dehydrochlorinase 


Purity—Further fractionation of material of specific activity 
2.6 with calcium phosphate or alumina gel Cy, ammonium sul- 
fate, or methanol fails to yield material of greater purity. Ul- 
tracentrifugal analysis with the ultraviolet absorption optical 
system shows a single component with an 820, value of 3.6 X 
10-5 second. Assuming an unhydrated sphere with a specific 
volume of 0.75, the molecular weight is calculated as 36,000. 
The instability of the enzyme to freezing and thawing and to 
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organic solvents at temperatures above —5 degrees suggested 
the presence of lipide. Ultracentrifugal flotation in 10 per cent 
NaCl or 25 per cent KBr at 30,000 x g with material of specific 
activity 0.7 failed to reveal any activity in the protein fractions 
of low density. Highly purified material could not be prepared 
in sufficient quantity for electrophoretic analysis. The spectrum 
of the purified enzyme is that of a simple protein, E}22, (278 mu) 
is 9.8 in phosphate buffer, pH 7.4. Material prepared from flies 
stored for long periods has a yellow-brown appearance even ata 
specific activity of 2.6 probably due to oxidation of tyrosine 
residues by tyrosinase in the frozen flies (14). The ratio 280/260 
muy is 1.6 for the purified enzyme indicating little or no con- 
taminating nucleic acid or bound nucleotides. At specific ae- 
tivity 2.0 no tyrosinase, GSH reductase, acetylcholine esterase, or 
triosephosphate dehydrogenase activity can be detected. 


pH Optimum and Isoelectric Point 


The optimal pH for DDT dehydrochlorinase is 7.4. Fig. 3 
shows that the active hydrogen on the tertiary carbon of DDT 
ionizes little if any in the lipoprotein system, for the usual stimu- 
lation accompanying proton-producing reactions is not evident 
at alkaline pH. No nonenzymatic dehydrochlorination could 
be observed at pH 9.5. The meaning of the shoulder at pH 7.5 
to 8.5 is, at present, obscure. No significant differences in rate 
could be observed in phosphate, pyrophosphate, tris(hydroxy- 
methyl)aminomethane, Versene, borate, imidazole, cacodylate, 
acetate, or glycylglycine buffer at the relatively high ionic 
strength required to maintain solution of the lipoprotein. The 
enzyme is stable for 6 hours in the pH ranges 4 to 6 and 10 to 12 
at 2° for 48 hours at pH 6 to 10. The isoelectric point is in the 
vicinity of pH 6.5, a 0.5 per cent solution of the purified enzyme 
after dialysis against water for 48 hours exhibits a pH of 6.46, 
but with a 40 per cent loss in activity. The enzyme is completely 
soluble in water or dilute salt solutions at 2 per cent concentra- 
tion in the pH range 4 to 12. 


Effect of Temperature 


Except under the conditions of the flash heating step in the 
fractionation scheme, temperatures above 43° cannot be main- 
tained for periods greater than 10 minutes without almost com- 
plete loss of activity. Addition of the water-soluble sodium 
salt of the DDT analogue, 2, 2-bis-(p-chloropheny])acetic acid in 
place of GSH in Step II does not render the enzyme stable to 
heating. 

Kinetics—As measured between 20 and 30° with the lipopro- 
tein assay, AH of the enzyme-catalyzed reaction is 20.5 kilo 
calories per mole. Cristol et al. (15) report a value of 18.6 kilo- 
calories per mole for the base-catalyzed dehydrochlorination in 
this temperature range. The lipoprotein assay also permits an 
evaluation of the equilibrium of the reaction. In common with 
most E2-type reactions, equilibrium lies far to the right. No 
unchanged DDT can be detected after 60 minutes at 30° by 
colorimetric or spectrophotometric analysis of a reaction mixture 
containing 2 umoles of DDT and 10 units of enzyme after chro- 
matography on alumina by the procedures of Sternburg and 
Kearns (2, 16, 17). These procedures can detect 2 x 10° 
umole of DDT. These data are supported by studies of the 
time course of DDT dehydrochlorinase action (Fig. 4) and indi- 
cate that K., >1,000, well beyond the range permitting any ac- 
curate determination of AF. 

The Michaelis-Menten constants have been determined with 
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Fic. 4. Time course and equilibrium of DDT dehydrochlorinase 
with lipoprotein-DDT. The system contains: DDT, 0.0637 umole 
(determined colorimetrically (12)) in 3 mg. of lipoprotein; GSH, 
13 umoles; DDT dehydrochlorinase, 0.18 unit; phosphate, 275 
ymoles, pH 7.4; incubated at 25°, volume 3.5 ml. 


purified enzyme, since the lipoprotein assay makes possible the 
measurement of initial rates. The constant for DDT, (Kmp) is 
5 X 10-7 mole per liter. The unusually high levels of the ac- 
tivator required by the enzyme are evident from the value of the 
constant for GSH (Knog) which is 2.5 X 10-4 mole per liter. 
Attempts to analyze the kinetic data according to the formula- 
tions devised for two-substrate systems by Frieden (18) and 
Florini and Vestling (19) do not clarify the mechanism of the 
reaction, since a positive point of common intersection was ob- 
served when 1/v versus 1/DDT was plotted at different concen- 
trations of GSH. The lag period preceding the attainment of a 
constant rate of optical density change (see assay) is of the same 
duration regardless of the order in which enzyme, substrate, and 
cofactor are added to the system. With DDT as substrate, and 
GSH alone as cofactor, the turnover number is 2.3 moles of DDT 
per mole of enzyme per minute at 25°. When measured at 35° 
with 1,1-dichloro-2,2-bis-(p-chlorophenyl)ethane as substrate 
and a mixture of GSH and cysteinylglycine as cofactor this value 
is increased approximately 30-fold (4). 

Isolation of Enzyme from DDT-susceptible Flies—The develop- 
ment of resistance to DDT over the last decade in populations of 
houseflies more or less completely susceptible to this insecticide 
has resulted in much speculation regarding the origin of this 
phenomenon (20, 21). Attempts to induce the development of 
the DDT-detoxifying system with sublethal doses of the insecti- 
cide have met with uniform lack of success (22, 23). Stern- 
burg et al. (2) failed to detect any DDTase in susceptible strains 
with the use of homogenates in conjunction with the glass bead 
assay, thus the possibility of selection of a few DDTase-positive 
individuals in a large population by the insecticide was dis- 
counted. The development of the sensitive lipoprotein assay 
and a scheme for purifying the enzyme have made a reinvesti- 
gation of this question possible. By the methods described, 
25,000 susceptible (CSMA strain) flies were processed through 
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Fraction V and assayed. About 0.003 unit of enzyme was de- 
tected in the final preparation, or 0.05 per cent of that present in 
an equivalent number of resistant individuals. The enzyme 
from susceptible flies is similar in specificity to the enzyme in 
resistant individuals (4). The exact magnitude of this figure is 
of minor consequence, but it is apparent that the enzyme seems 
to occur in susceptible populations.® 


DISCUSSION 


The observation that the equilibrium of reaction lies far to the 
right when DDT is presented to the enzyme in lipoprotein is of 
considerable significance when considering the survival of flies 
exposed to DDT. It is generally accepted that the site of DDT 
action is the nervous system (24), a tissue rich in lipides and 
lipoproteins. This tissue contains high titers of DDT dehydro- 
chlorinase as well (25), and it is probable that this juxtaposition 
of detoxifying enzyme and DDT-solubilizing substances results 
in a rapid and complete degradation of toxin reaching the sensi- 
tive target. The finding that measurable amounts of enzyme 
can be identified in susceptible populations may indicate that the 
enzyme mediates some other reaction as well as the elimination 
here studied. In support of this thesis is the observation that 
although the specificity of the enzyme is of a high order, it is not 
absolute either with respect to substrate or cofactor (4). Fur- 
thermore, the general class of reaction catalyzed, namely the 
elimination type, is of common occurrence in living systems. 
The isolation of the enzyme from susceptible flies lends biochemi- 
cal evidence to the report by Kerr and Venables (26) that DDT 
dehydrochlorinase may be identified in populations of flies not 
exposed to DDT but selected for late emergence from the pupal 
stage of development. Before a search for auxiliary substrates 
of natural origin can be undertaken, however, problems of in- 
stability and low yield must be overcome. 


SUMMARY 


1. A method for the isolation of 1,1, 1-trichloro-2,2-bis(p- 
chlorophenyl)ethane (DDT)-dehydrochlorinase from DDT-re- 
sistant flies has been described and some of the properties of the 
purified enzyme are reported. 

2. A rapid spectrophotometric assay has been devised with 
lipoprotein-solubilized DDT as substrate. 

3. It is shown that a small amount of enzyme occurs in popu- 
lations of susceptible flies and the implication of these and the 
kinetic data are discussed with respect to the nature and origin 
of resistance to DDT. 
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DDT Dehydrochlorinase 


II. SUBSTRATE AND COFACTOR SPECIFICITY* 


HersBert Lipket aNnp C. W. KEARNS 


From the Department of Entomology, University of Illinois, Urbana, Illinois 


(Received for publication, January 19, 1959) 


In Paper I (1) of this series methods of purification and meas- 
urement of DDT dehydrochlorinase! were described. Those 
physical and cheimical properties that could be determined with 
the small amounts of purified enzyme available were presented. 
It was shown that proton liberation from the tertiary carbon 
atom of DDT (C-2) was not stimulated at alkaline pH although 
the enzyme possesses considerable stability between pH 7 and 10. 
Differences in specificity previously reported (2) as well as the 
depressed rate of reaction at high pH distinguishes the enzymic 
mechanism from the base-catalyzed elimination described by 
Cristol et al. (3). For the purpose of clarifying the detoxifying 
mechanism a study has been made of the effect of alternative 
substrates, cofactors, and group-specific inhibitors on the reac- 
tion rate. 

Sternburg et al. (2) with the use of crude enzyme preparations 
and the bead assay showed that only those halogenated hydro- 
carbons whose structure resembled DDT were attacked, and 
that the p,p’-ring substituents were obligatory. The turnover 
of GSH during the reaction was followed by both the titrimetric 
method of Bray et al. (4), and the nitroprusside reaction. No 
oxidation of the SH group could be detected. The inability of 
cysteine and BAL to replace GSH was also noted (2). In a sub- 
sequent investigation of the effect of so called ““DDT-synergists” 
on the system, Moorefield and Kearns (5) demonstrated that 
some DDT analogues could serve as competitive inhibitors of the 
enzyme, but no clear relation was apparent between the potencies 
of these compounds in vivo and in vitro. 


METHODS 
Activity determinations were performed with lipoprotein or on 


glass beads by methods previously described (1, 2). Molecular 


| extinctions of the various DDT analogues and their olefins were 
| measured in ethanolic solutions or taken from Sternburg et al. 


(2). These compounds have been synthesized in this laboratory 
over the course of several years or obtained commercially in 
which case they were recrystallized from ethanol. Glutathione 
and cysteinyl-glycine (Schwarz Laboratories) and glutamyl]-cys- 
teine (Bios Laboratories) were chromatographically pure. 


* This investigation was supported by grants from the National 
Science Foundation and the Rockefeller Foundation. 

+ Present address, Entomology Branch, Directorate of Medical 
Laboratories, Chemical Warfare Laboratories, Army Chemical 
Center, Maryland. 

'The abbreviations used are: DDT, 1,1,1-trichloro-2,2-bis- 
(p-chlorophenyl)ethane; DDE, 1, 1-dichloro-2,2-bis(p-chloro- 
phenyl)ethylene; TDE, 1, 1-dichloro-2,2-bis(p-chloropheny])- 
ethane; BAL, 2,3-dithiopropanol. 
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RESULTS 

Effect of Substrate Structure on Reaction Velocity—Table I 
shows that the initial rates of the 2,2-bis(p-Cl) and -(p-Br) 
analogues of DDT are the same in the lipoprotein system. Of 
the other p,p’-substituents tested, p-F-, CH3-, CH;O0-, and I- 
react at lesser rates and the unsubstituted rings not at all. The 
most noteworthy feature of the rate with alkyl-substituted deriv- 
atives of DDT is the high rate of dehydrochlorination of the 
1, 1-dichloroethane derivative (TDE), almost 4 times the rate of 
the reference compound, DDT. The 1-chloro derivative also 
reacts at a high rate although product inhibition occurs with this 
and the unchlorinated alkyl derivative. 

The strain of flies used in the preparation of the enzyme has 
been exposed to no insecticide other than DDT. In Paper I (1) 
the isolation of a small amount of enzyme from DDT-susceptible 
flies was reported. This preparation also attacks TDE at a 
higher rate than DDT. With extracts of resistant flies the ratio 
of the rate of dehydrochlorination of TDE to DDT remains at 
3.8:1 through all the stages of purity that can be assayed in the 
lipoprotein system. Sternburg et al. (2) reported a ratio of about 
0.5 with the use of the bead assay with 4 mg. of substrate per 
vessel. Reinvestigation of this observation with equimolar quan- 
tities of substrate, in the bead assay show that higher rates of 
dehydrochlorination are obtained with TDE just as in the case 
with the lipoprotein system. Additional evidence indicating the 
identity of the enzyme degrading DDT and TDE is presented in 
Fig. 1 where the inhibition of the TDE reaction by DDT is pre- 
sented. With respect to cofactor specificity, both the DDT and 
TDE systems are stimulated by the addition of cysteinyl-glycine. 

Identification of TDE Reaction Product—The compound TDE 
may form two elimination products, namely the 1-chloroethylene 
by dehydrochlorination, or the 1, 1-dichloroethylene (DDE) by 
dehydrogenation. DDT yields only the latter compound (2). 
The high reaction rate with TDE might indicate that DDTase is 
in reality a dehydrogenase of low specificity, rather than a de- 
hydrochlorinase, a supposition that would do much to explain 
the occurrence of this enzyme in susceptible populations. The 
importance of this thesis made necessary the identification of the 
reaction product with TDE. A reaction system containing 30 
umoles of TDE in lipoprotein was incubated until the reaction 
had achieved completion. The solution was deproteinized, and 
extracted with petroleum ether. The ether was washed with 1.0 
per cent NaOH and water and chromatographed on alumina (6). 
The petroleum ether eluate from the column was rechromato- 
graphed and examined in the spectrophotometer. Fig. 2 shows 
that the reaction product has the spectral characteristics of the 
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TaBLe I 
Dehydrochlorination of analogues of DDT by DDT Dehydrochlorinase 
The system contained at least 0.3 umole of substrate in 4 mg. 
lipoprotein; GSH, 13 umoles; phosphate, 275 umoles, pH 7.4. Re- 
action time 10 minutes, at 25°. 











Substrate a. 
| 
ipmoles X 108 
Ring substituted 
1,1, 1-Trichloro-2, 2-bis(p-chloropheny])ethane | 
LE aisha 0 a.63es So essai ee waa aaa RA ewes | 21.1 
1,1,1-Trichloro-2,2-bis(p-bromophenyl)ethane...... | 21.2 
1,1,1-Trichloro-2, 2-bis(p-fluorophenyl)ethane....... | 11.3 
1,1,1-Trichloro-2,2-bis(p-tolyl)ethane. ............. 7.6 
1,1,1-Trichloro-2,2-bis(p-methoxyphenyl)ethane....| 4.9 
1,1,1-Trichloro-2,2-bis(p-iodophenyl)ethane........ | 1.8 
1,1,1-Trichloro-2,2-bis(phenyl)ethane.............. | 0.0 
Alkyl substituted 
1,1-Dichloro-2,2-bis(p-chlorophenyl)ethane (TDE)..| 79.9 
1-Chloro-2, 2-bis(p-chlorophenyl)ethane............. | 25.2* 
2,2-Bis(p-chlorophenyl)ethane...................... | 0.6* 





* Initial rate maintained only 3 minutes. 


\ 
C=CHCl compound and not that of C=CCl:, thus DDTas2 


is a true dehydrochlorinating enzyme. 


Effect of Group-specific Inhibitors—The observation by Stern- 
burg et al. (2) that activation of the enzyme could not be achieved 
by cysteine or BAL indicated that the role of GSH in the sys- 
tem was not that of a simple reduction of enzyme SH groups. 
This has been verified by a study of the effect of SH-binding 
agents by the procedure of Edwards and Knox (7) in which the 
rate is measured in the presence of marginal levels of GSH. 
Since any inhibition that occurs can be due to either a reduction 
in GSH concentration or to a blocking of enzyme SH, the subse- 
quent addition of GSH in excess can be used to differentiate 
between the two effects. Table II shows that N-ethylmaleimide, 
cupric, mercuric, arsenite, or silver ion has no effect on the sys- 
tem. Iodoacetate inhibits to a minor degree and the inhibition 
is almost completely reversible. The inhibition observed with 
p-chloromercuribenzoate appears to be a property of the p-HgCl 
moiety rather than the SH-binding capacity of this compound 
as the inhibition is partially reversible. Moreover, the studies of 
Moorefield and Kearns (5) demonstrate the adverse effect of 
p-substituted ring compounds on the reaction rate. 

The insensitivity of the enzyme to metal binding agents is 
also described in Table II. High concentrations of cyanide, 
azide, a,a-dipyridyl, and 8-hydroxyquinoline are without effect. 
Cysteine does not compete with GSH for the active site and 
fluoride and arsenate fail to inhibit. 

Effect of Miscellaneous Cofactors and Metals on Reaction Rate— 
The effect of prolonged dialysis against water was studied with 
enzyme of specific activity 0.7 which exhibits greater stability 
than more refined material. As assayed with citrate-dialyzed 
lipoprotein, no loss in activity was evident after dialysis for 36 
hours against 3 changes of water. The inclusion of Versene 
(ethylenediametetraacetate) in the assay system at 10-4 m does 
not inhibit the enzyme. At higher purities considerable activity 
is lost during dialysis against water unless Versene is present. 
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Fig. 1. Inhibition of dehydrochlorination of TDE by DDT. 
To the usual assay system (1) containing enzyme (specific activity 
2.0) were added TDE or DDT in lipoprotein on an equimolar 
basis, and an equivalent volume of untreated lipoprotein. In- 
hibition was then measured in a system containing both TDE- 
lipoprotein and DDT-lipoprotein. The dashed line represents 
the calculated summation of the reaction rate of the two sub- 
strates measured independently. (O——O) 0.25 umole DDT; 
(@——®) 0.25 umole TDE; (A——A) 0.25 umole TDE and 0.25 
umole DDT. 
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Fic. 2. Ultraviolet absorption curve of product of DDT de- 
hydrochlorinase reaction with TDE. A——A, Product isolated 
by chromatography (11) after completion of the enzymatic re- 
action; O——O, _ 1-chloro-2,2-bis(p-chlorophenyl)ethylene; 
@——@, 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene. 


The purified enzyme is not stimulated by the addition of Al***, 
Mn++, Cutt, Fet+, Zn*++, Mg++, or Ca++ at 10-4 m. 

As measured with enzyme at specific activity 2.0 the addition 
of DPN at 10~ m is without effect on the reaction rate. No 
change in optical density at 340 mu was observed. The addi- 
tion of FAD at 10~‘ m or pyridoxal phosphate at 10-5 m does not 
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TaB_e II 
Effect of inhibitors on DDT dehydrochlorinase 
Enzyme (0.10 unit) was incubated for 20 minutes at 25° with 
each of the reagents given and then assayed with 2 X 10 m 
GSH. The activities were compared with the activity of the en- 
zyme incubated with buffer alone. Reversals were affected by 
the subsequent addition of GSH to 3.5 X 107? Mm. 




















Concentration a a 
Compound , | i A png = 

During pre-| During | ‘tivity | ible 

incubation assay 
a | M | M 
N-Ethylmaleimide........ |5X 10} 1x 10-*| 100 
p-Chloromercuribenzoate. ..| 9 X 10-5 | 3 X 10-5 60 80 
ee ee ee 9X 10 3 X 10-¢ 75 95 
Mercurie chloride...........| 1 X 10-5 | 6X 1077 | 100 
Sodium arsenite........... 1X 10°? | 6X 10-5; 100 
Cuprous chloride. ....... ..| 1X 10 | 6X 10-*| 100 
Silver nitrate......... 1X 10-°§| 6X 107 | 100 
Sodium azide.......... 5X 107? | 1X 10°? | 100 
Potassium cyanide..... 8X 107? | 7X 10-3 | 100 
Potassium ferricyanide......| 1 X 10-3 | 6 X 10-5 | 100 
ee DIpyGG) . :... 0 .cc08s 1X 107? | 6X 10-5 | 100 
Phenyl thiourea............ 2X 10-*| 1X 10-5| 100 
8-Hydroxyquinoline.........| 2X 10 | 4X 10-5 | 100 
Sodium fluoride........... 1X 10°? | 6X 10-5 | + 100 
Sodium arsenate......... 1X 10°? | 6X 10-5 | 100 
eee 9X 10-* | 3 X 10° 100 
OS ee 1X 10 | 6 X 10-*| 100 
Ferrous sulfate............. 1 X 10-3 6X 10-°| 100 

















stimulate the enzyme. None of the cofactors or metals listed 
above exert any inhibitory action. 

Effect of Sulfhydryl Compounds on Reaction Rate—The speci- 
ficity of SH compounds was determined by observing the reac- 
tion rate after the addition of 10 umoles of the activator to the 
system containing enzyme (specific activity 1.5) and lipoprotein- 
DDT. Compounds with high absorbance at 260 mu were tested 
by colorimetric measurement of DDE after chromatography on 
alumina (6). The possible abilitv of SH compounds to inhibit 
the dehydrochlorination reaction was determined by the subse- 
quent addition of 10 umoles of GSH to the system. 

No dehydrochlorination could be detected with cysteine, BAL, 
ethanol mercaptide, homocysteine lactone, thiolhistidine, ergo- 
thioneine, thioglycollate, thiomalate, CoA, oxidized glutathione, 
S-acetyl glutathione, ascorbate, or glycylglycine. These com- 
pounds do not stimulate or inhibit the reaction when GSH is 
added to the system. Preincubation of the enzyme with 1 umole 
of ascorbate or GSH for 30 minutes at 25° does not reduce the 
level of GSH subsequently required for the achievement of the 
maximal reaction rate. Glutamyl-cysteine is unable to serve as 
cofactor for the enzyme, but unlike cysteine, the dipeptide in- 
hibits the enzyme when added on a mole for mole basis with 
GSH. Glutamyl-cysteine is not a potent inhibitor, as shown in 
Fig. 3; lesser amounts than 10 umoles are without appreciable 
influence on the reaction rate. With cysteinyl-glycine as co- 
factor, however, the addition of glutamyl-cysteine brings about 
an abrupt termination of the reaction (Fig. 4). 

The ability of cysteinyl-glycine to activate the reaction is 
shown in Fig. 4. The addition of 5 uwmoles of cysteinyl-glycine 
to a system lacking in GSH maintains a rate about 60 per cent 
of an equivalent amount of GSH. Levels of cysteinyl-glycine 
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Fic. 3. Inhibition of DDT dehydrochlorinase by glutamy]- 
cysteine. The reaction rate was measured with glutamyl-cysteine 
added at zero time with GSH, the rate with GSH alone serving as 
acontrol. The effect of glutamyl-cysteine addition after 5 min- 
utes reaction with GSH alone is also presented. (X——X) GSH 
alone, 10 umoles; (O——O) GSH, 10 umoles, followed by glutamy]- 
cysteine, 10 wymoles; (A——A) GSH, 10 wmoles, and glutamy!l- 
cysteine, 10 wmoles, added at zero time; (@——@) glutamy! 
cysteine, 10 uwmoles, followed by GSH, 10 umoles. 
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Fic. 4. The effect of cysteinyl-glycine and glutamyl-cysteine 
on DDT dehydrochlorinase. The reaction rate was measured with 
cysteinylglycine added at zero time with GSH, the rate with GSH 
alone and cysteinyl-glycine alone serving as controls. The effect 
of additions of GSH and glutamyl-cysteine to systems containing 
cysteinyl-glycine are also presented. (O——O) Cysteinyl- 
glycine, 0.25 umole, then GSH, 10 umoles; (gj) Cysteinyl- 
glycine, 10 wmoles, then glutamyl-cysteine, 10 umoles; (A——A) 
Cysteinyl-glycine, 10 wmoles, then GSH, 10 wmoles; (A——A) 
GSH, 10 umoles; (@——@) GSH, 10 umoles, and cysteinyl-glycine, 
0.25 umole. 


greater than 5 uwmoles do not lead to further stimulation of the 
reaction. In the presence of an excess of GSH (10 umoles) only 
catalytic quantities of cysteinyl-glycine are required to effect a 
50 per cent stimulation, the rate when both compounds are pres- 
ent being greater than that observed with either material alone 
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(Fig. 4). The action of this dipeptide can be observed equally respond to GSH and to a lesser degree to cysteinyl-glycine. Per- 
well if added prior to the addition of GSH or at the same time haps the most challenging coincidence with respect to the liver 
(Fig. 4). The effect of cysteinyl-glycine additions to systems and fly enzymes involves their common detoxicating function and 
containing GSH is observable with TDE as substrate as well as _ the absence of known substrates of natural origin. In the case 
with DDT. of DDT dehydrochlorinase the demonstration that the reaction 
in the presence of GSH is stimulated by catalytic levels of cystein- 
BESCUSHON ylglycine suggests that the relatively low turnover number of the 
The stability of DDT dehydrochlorinase to SH-binding re- enzyme in vitro may be increased in situ by still other materials 
agents and the high order of specificity with respect to cofactor which could serve to further increase the reaction rate. 
requirements are somewhat unique, the indications being that 
the active site does not involve enzyme-SH. A study of the lag aes 
period before the attainment of a constant rate of reaction fails 1. The specificity of 1,1, 1-trichloro-2 ,2-bis(p-chloropheny))- 
to show any preliminary formation of a bimolecular complex such ethane (DDT) dehydrochlorinase for various analogues of DDT 
as enzyme-GSH or enzyme-DDT, as measured by a decrease in has been investigated. The p-Br compound is degraded at the 
the lag period. Such complexing may be very rapid or complex same rate and the 1,1-dichloroethane derivative approximately I 
formation may be envisioned as trimolecular ignoring the possible 4 times as fast as DDT. di 
participation of the elements of water. A search for spectro- 2. The enzyme shows little or no sensitivity to SH inhibitors | j,¢] 
photometric intermediates in the range 260 to 425 my gave or metal-binding agents. pot 
essentially negative results. At shorter wave lengths, where 3. Of the compounds tested, only glutathione and cysteinyl- | 
absorption from transient thioethers might be predicted (8) no glycine will initiate the reaction. The addition of catalytic ons 
measurements were possible as a consequence of the end absorp- quantities of the dipeptide to the glutathione-fortified system hyd 
tion of the lipoprotein carrier. The failure to observe any oxida- stimulates the dehydrochlorination reaction. acti 
tion of GSH during the course of reaction may indicate, on the 4. Glutamyl-cysteine is devoid of activity as a cofactor, and | gi, 
other hand, that the participation of the cysteine moiety of GSH shows some inhibitory action. cou 
in the reaction is not direct, regardless of its essential role in the por 
reaction. The possible regeneration of GSH during the dehy- Acknowledgments—The counsel and encouragement of Drs. C. ‘all 
drochlorination or the involvement of the glycine residue of SS. Vestling and J. G. Sternburg of the University of Illinois are cas 
GSH constitute additional possibilities. gratefully acknowledged. Dr. R. L. Metcalf of the University of ol 
An intriguing similarity of properties and function exist be- California at Riverside provided several of the compounds tested | py 
tween DDT dehydrochlorinase and the nitroglycerin reductase of for substrate specificity. Stimulating reviews of the data were rap 
pig liver investigated by Heppel and Hilmoe (9). Not only are provided by Dr. E. Racker of the Public Health Institute of New “_ 
the solubility characteristics and adsorbability of the two systems York and Dr. W. Eugene Knox of New England Deaconess Hos- 
on calcium phosphate gel almost identical, but also both systems pital. 
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Information concerning the synthesis and further metabolism 
of coumarin and o-coumaric acid (Fig. 1) in higher plants is 
jacking despite the widespread occurrence of these two com- 
pounds in nature. However, a number of theories on the bio- 
synthesis of coumarin have been proposed (1-3). Several in- 
vestigators have suggested that trans-cinnamic acid undergoes 
hydroxylation ortho to the side chain. The product of this re- 
action, o-coumaric acid, would then undergo a trans to cis isom- 
erization, and lactonize by loss of a molecule of water to form 
coumarin. Experiments to be reported in this paper are in sup- 
port of this hypothesis. Other experiments to be described 
indicate that, in white sweet clover, o-coumaric acid arises from 
carbohydrate precursors through intermediates of the shikimic 
acid pathway for the biosynthesis of aromatic compounds (4, 5). 
Evidence is also presented which shows that coumarin undergoes 
rapid metabolic turnover in white sweet clover and is readily 
converted to melilotic acid (Fig. 1). 


EXPERIMENTAL 


o-Coumary] glucoside (m.p., 245-246°; literature m.p., 245° 
(6)), the B-glucoside of o-coumaric acid, was synthesized from 
helicin and malonic acid according to Helferich and Lutzmann 
(6). Melilotyl glucoside (m.p., 171-172°; literature m.p., 173° 
(7)), the B-glucoside of melilotic acid, was prepared by reduction 
of ecoumaryl glucoside according to Lutzmann (7). 

Coumarin-3-C" was synthesized from salicylaldehyde and 
malonic acid-2-C™ according to Adams and Bockstahler (8). 0- 
Coumaric acid-2-C™ was prepared from coumarin-3-C™ by the 
method of Dodge (9). Uniformly labeled shikimic acid-C™ was 
synthesized from uniformly labeled glucose-C™ as described by 
Srinivasan et al. (10). Trans-cinnamic acid (ring- and 3-C") was 
synthesized from uniformly labeled benzaldehyde-C" and malonic 
acid according to Brown and Neish (11). pu-Phenylalanine 
hydrochloride-3-C™, sodium acetate-2-C™, and uniformly labeled 
glueose-C' were purchased from Bio-Rad Laboratories, Berkeley, 
California, and uniformly labeled benzaldehyde-C™, from 
Nuelear-Chicago Corporation. Melilotic acid was generously 
supplied by Dr. M. S. Masri, Western Regional Laboratory, 
Albany, California. Helicin was purchased from K and K 
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Laboratories, Long Island City, New York. Emulsin (6-glu- 
cosidase) was purchased from Worthington Biochemical Corpora- 
tion, Freehold, New Jersey. 

Purified samples of coumarin, o-coumaric, and melilotic acids 
isolated from sweet clover were assayed by the colorimetric 
method of Snell and Snell (12). In certain cases, melilotic acid 
was also measured by determining the light absorption at 238 
my of samples dissolved in 0.05 n NaOH (E = 9.02 x 10°). 

The following solvent systems (13, 14) were used for chroma- 
tographic separations of coumarin, 0-coumaric acid, o-coumary] 
glucoside, melilotyl glucoside, and melilotic acid: (a) n-propanol- 
concentrated NH,OH (7:3); (6) n-butanol-acetic acid-H.O 
(4:1:5); (c) ethanol-concentrated NH,OH-H,O (80:5:15); and 
(d) 2 per cent acetic acid. 

Radioactive samples were counted with a Tracerlab window- 
less flow counter (Model SC-16). Wherever necessary, readings 
of radioactive samples were corrected for self-absorption. 

Cultivation and Feeding of Plant Material—The experiments 
were conducted on white sweet clover (Melilotus alba Desr.) 
which contained approximately 0.25 per cent coumarin on a wet 
weight basis. In experiments where cuttings were used, shoot 
tips bearing 4 or 5 fully opened leaves were cut from 6-month-old 
plants which were grown in soil in 6-inch clay pots. In experi- 
ments with intact plants, 2-month-old material which had been 
grown in 2-inch plant bands was used. All plants were grown 
in the laboratory in direct light from windows which had an 
eastern exposure. No special attempts were made to control 
the growing conditions. 

In experiments in which radioactive compounds were ad- 
ministered to cuttings, 5 gm. of shoots excised from mature 
plants were placed in 10-ml. beakers containing 5 ml. of the 
radioactive compound. As the solutions were taken up by the 
cuttings, distilled water was added to keep the cut ends sub- 
merged. Throughout the period of feeding the solutions were 
aerated through capillary tubing. At the end of the feeding 
period, the amount of radioactivity left in the solution was de- 
termined to measure the extent of uptake of the compounds 
administered. The amount of shikimic acid taken up in this 
manner was 55 per cent; in all other cases, the uptake of com- 
pounds was 90 per cent or better. 

In those experiments in which intact plants and excised shoots 
were exposed to C“Os, the exposure was carried out in a closed 
1-gallon jar, the lid of which was fitted with tubulation designed 
to flush the air within the jar. Roots or cut stems of the plant 
material were immersed in water in beakers placed in the bottom 
of the jar. After the jar was flushed with CO: free air for 30 
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minutes, C“O, was generated by allowing 85 per cent lactic acid 
to flow into BaC™O, (specific activity 20,000 myc. per mmole) 
contained in a 20-ml. beaker in the jar. The lactic acid was 
introduced from the outside through glass tubing extending 
through the jar lid. The CO, was fed at the concentration of 
2 wc. per gm. fresh weight of plant material. The jar was il- 
luminated with a 150-watt photoflood light bulb during the 
feeding period. Cold water was circulated through a 320-ml. 
Kolle culture flask placed between the light bulb and the jar in 
order to filter out infrared light rays and prevent the contents 
from becoming too warm. The jar was placed on a platform 
turned at 20 r.p.m. to allow uniform illumination of the different 
plant samples. After 24 hours, the unused C“O, was flushed 
from the jar and trapped in 0.25 n Ba(OH). to measure the C“O, 
consumed. In all experiments, the extent of uptake of C“O, 
was at least 99 per cent. After the feeding of C“O. was ter- 
minated, the plant material was allowed to metabolize in a hood 
in normal room light for varying periods of time. 

Isolation of Coumarin—Five gm. of plant material which had 
been exposed to CO. or other radioactive compounds were 
placed in a mortar, frozen with liquid N2, and ground to a fine 
powder. The powder was then treated with 10 ml. of hot 50 
per cent ethanol for 45 minutes, the cell debris filtered off, and 
the filtrate made alkaline with 2 ml. of 1n NaOH. The solution 
was warmed to 80° for 5 minutes to open the lactone ring of 
coumarin, concentrated to half volume, and shaken with an 
equal volume of ethyl ether to remove yellow pigments. The 
aqueous solution was then acidified with 1 N HCl and shaken 
three times with equal volumes of ether to extract the regenerated 
coumarin. Ten ml. of isoéctane were added to the ethereal 
solution, the ether was carefully evaporated on a steam bath, 
the residual liquid was diluted with 1 volume of chloroform, and 
the coumarin purified by chromatography on a silicie acid column 
(15). 

Because coumarin sublimes readily, for counting purposes it 
was converted by Dodge’s method (9) to o-coumaric acid and 
this was further purified by paper chromatography on Whatman 
3 MM paper with Solvent a. 

Isolation of Labeled Compounds from Coumarin-3-C™ and o- 
Coumaric Acid-2-C™ Feeding Experiments—Clover shoots (5 gm.), 
which had been exposed to solutions containing coumarin-3-C™ 
or o-coumaric acid-2-C™ for 28 hours, were frozen in liquid Ne, 
ground up, and treated with 20 ml. of 50 per cent ethanol at 60° 
for 30 minutes. The plant debris was then filtered off and the 
ethanolic extract diluted with 20 ml. of distilled H.O and shaken 
with ethyl ether. The ether fraction and the aqueous residue 
were concentrated and applied in narrow bands 1 inch from the 
long edges of sheets of Whatman 3 MM filter paper (18} x 
224 inches). The chromatograms were developed by ascending 
chromatography in Solvent a. The radioactive metabolites 
which were examined consisted of aromatic acids in the ether- 
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soluble fraction, and o-coumaryl and melilotyl glucosides in the 
aqueous fraction. The compounds were located by exposing 
paper chromatograms to x-ray film (Kodak ‘‘no screen’ medical) 
for 10 hours. The radioactive bands were cut out and eluted 
with H:O. The eluates were concentrated and chromatographed 
2 more times with Solvents b and c. Coumarin, located ag 
band which strongly quenched ultraviolet light, was eluted from 
the chromatogram with 20 per cent ethanol and converted to 
o-coumaric acid as previously described. 

Isolation of Aglycones from Coumarin Glycosides—To isolate 
the aglycones from the glycosides, the eluates which contained 
the glycosides (0.1 mg. per ml.) were treated with a half volume 
of 0.1 per cent emulsin solution. After incubation at room 
temperature for 4 hours, the solution was acidified to pH 1 with 
1 n HCl, and the aglycones were extracted with ethyl ether, 
The ether extract was then chromatographed with Whatman 3 
MM filter paper with the use of Solvent a. The aglycones, 
o-coumaric, and melilotic acids, were eluted from the chroma- 
togram with water. 


RESULTS 


CO, Experiments—In preliminary experiments in which uni- 
formly labeled glucose-C", sodium acetate-2-C™, phenylalanine- 
3-C4" and trans-cinnamic acid (ring- and 3-C") were administered 
to young clover plants and shoots, little or no radioactivity was 
detected in coumarin isolated after 24 hours of metabolism. 
Therefore, to obtain information on the rate at which coumarin 
synthesis occurs in the sweet clover plant, it seemed desirable to 
expose intact plants to radioactive CO. When large doses of 
CO, (2 ue., 100 umoles per gm. fresh weight) were administered 
to plants or shoots, the coumarin acquired measurable amounts 
of radioactivity. As shown in Experiment A, Table I, the 
specific activity of coumarin isolated from the plant reached a 
maximum at 24 hours after the exposure to radioactive CO: was 
terminated and then decreased rapidly. A sharp decline in the 
specific activity of coumarin was also observed in an experiment 
with excised shoots (Experiment B, Table 1), although the 
maximum was reached at 48 hours in this case. The rapid 
decline in specific activity observed cannot be accounted for by 
dilution resulting from synthesis of new, unlabeled coumarin 
since the total coumarin content increased only 12 per cent during 
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Incorporation of CO, into coumarin in white sweet clover 
Intact sweet clover plants (Experiment A) or excised shoots 
(Experiment B) were exposed to C!4O»2 (20,000 muc. per mmole) 
at a concentration of 2 ue. per gm. fresh weight. After exposure 
to CO. for 24 hours, the plant material was allowed to metabolize 
for the additional period of time indicated. 

















Experiment \Period of metabolism] Specific activity of coumarin 
ge. See hrs. ris Wan myc./mmole 
A 4 54 
24 116 
48 75 
24 20 
48 35 
72 12 
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the course of the experiment. These results indicated, therefore, 
that coumarin was undergoing metabolic turnover. 

Coumarin-3-C“% and o-Coumaric Acid-2-C4—In order to 
identify metabolic products formed from coumarin, coumarin- 
3-C“ was administered to excised shoots from mature plants. 
After 28 hours of exposure to radioactive coumarin, the plant 
material was fractionated into water-soluble and ether-soluble 
components and chromatographed on paper. When exposed to 
y-ray film for 10 hours, a paper chromatogram of the water- 
soluble components showed 3 different radioactive bands. The 
chromatogram of the ether-soluble components showed one 
radioactive band, subsequently identified as melilotic acid. The 
coumarin isolated from the shoots was too low in radioactivity 
to be detected by 10 hours of exposure to x-ray film. 

The water-soluble substance with the highest activity (com- 
pound M) was eluted from its chromatogram, and rechroma- 
tographed first with Solvent c and then with Solvent b. During 
this procedure, a second unknown compound was discovered 
which was low in radioactivity but which, in Solvents a, b, and 
c, had Rp values similar to those of compound M. To remove 
this contaminant, radioautograms of chromatograms were pre- 
pared after each chromatographic separation. The areas on the 
chromatograms which contained radioactive compound M were 
traced from the darkened spots on the radioautograms, cut out, 
and then eluted with water. After 3 such chromatographic 
separations all traces of the contaminant had been removed. 
When the radioactive compound M was treated with 0.1 per cent 
emulsin, it yielded melilotic acid and glucose, identified by paper 
chromatography with Solvents a, 6, c, and d. Compound M 
was, therefore, cochromatographed with an authentic sample of 
the 6-glucoside of melilotic acid (16). When chromatograms 
run in 3 different solvent systems (Solvents a, b, and c) were 
exposed to x-ray film for 24 hours, the dark areas on the radio- 
autograms were found to correspond exactly to known glucoside 
spots. The latter were located as weakly quenching spots under 
ultraviolet light. Since the glucoside quenches ultraviolet light 
weakly, it was necessary to confirm the identity of each spot by 
a second method. The chromatograms were lightly sprayed 
with 0.1 per cent emulsin, kept in a moist atmosphere for 15 
minutes, dried, and then sprayed with-a solution of diazotized 
p-nitroaniline (13). In every case, the radioactivity was found 
to be associated with the spots thus marked. The §-glucoside 
of melilotic acid accounted for 12 per cent of the total radio- 
activity fed to the shoots as coumarin-3-C™, 

The second compound (compound C) described above as a 
contaminant was further purified by chromatography in Solvents 
a,b, and c. It was readily detected on the chromatograms be- 
cause under alkaline conditions it strongly quenched ultraviolet 
light, whereas, under acidic conditions, it displayed a weak, blue 
fluorescence. When treated with 0.1 per cent emulsin, it yielded 
o-coumaric acid and glucose, identified by paper chromatography 
with Solvents a, b, and c. When an unhydrolyzed sample of 
compound C was chromatographed in these solvent systems with 
an authentic sample of o-coumary] glucoside (17), identical be- 
havior was observed. In contrast to the high incorporation of 
activity into melilotyl glucoside, the o-coumary] glucoside ac- 
counted for only 1 per cent of the total activity administered as 
coumarin-3-C“, The two other water-soluble components, not 
yet identified, accounted for only 1.5 per cent of the activity 
fed. 


The unknown, radioactive compound from the ether-soluble 
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Metabolism of coumarin and o-coumaric acid 
in white sweet clover 


The cut ends of excised shoots (fresh weight, 5 gm.) were im- 
mersed in solutions of the radioactive compounds. After ex- 
posure to the solutions for 28 hours, the shoots were extracted. 
Radioactive metabolites which arose from the compounds ad- 
ministered were isolated and identified. 





Specific activities* of compound 
isolated 




















| 
| 
Compound administered Dose | Aglycones 
| Cou- me liiatic | 
| soca |e | coer | eae 
acid acid 
| wc. /em. fresh 
wt. 
Coumarin-3-C™ | 0.46 | 540 | 92,000; 200/43, 740 
(142,000 muc./mmole) | 
o-Coumaric  acid-2-C' 0.18 394 | 11,000)11,630) 5,900 
(142,000 muc./mmole) | | 
| 





* muc. per mmole. 


components was identified as melilotic acid, known to occur both 
free and as a glucoside (16, 18). The identification was carried 
out chromatographically as described above for the aglycone of 
melilotyl glucoside. In addition, the ultraviolet absorption 
spectra of the unknown and authentic melilotic acid were iden- 
tical in 2 per cent ethanol and in 0.05 n NaOH. In this experi- 
ment, free melilotic acid accounted for the largest amount (nearly 
35 per cent) of the radioactivity administered as coumarin-3-C™, 

Table II contains the specific activities of coumarin, o-coumaric 
acid (from its glucoside), and melilotic acid (both free and from 
its glucoside) which were isolated from shoots fed coumarin-3-C™, 
From the amount of radioactive coumarin administered and the 
coumarin content of the shoots, equilibration without further 
metabolism should have resulted in a specific activity of about 
30,000 myc. per mmole for the isolated coumarin. The low 
specific activity (540 myc. per mmole) obtained clearly demon- 
strates that the coumarin administered was rapidly metabolized 
by the plant. In addition to the high specific activity (92,000 
myc. per mmole) observed, the large incorporation of activity 
(35 per cent) into free melilotic acid indicates that the con- 
version of coumarin to this compound occurs readily in the sweet 
clover plant. On the other hand, the low specific activity and 
the low incorporation of radioactivity in o-coumaryl glucoside 
suggest that coumarin is not readily converted to o-coumaric 
acid, 

In a second experiment, excised shoots were exposed to o- 
coumaric acid-2-C™“. Under these conditions 20 per cent of the 
activity taken up appeared in o-coumaryl glucoside. These 
results indicate that much of the o-coumaric acid administered 
was converted to its glucoside without further metabolism. In 
addition, some radioactivity appeared in coumarin and in 
melilotic acid, both free and as the glucoside (Table II). The 
amount of activity in any one of these three products represented 
less than 4 per cent of the total activity administered as 0-cou- 
maric acid-2-C", However, these results indicate that o-cou- 
maric acid can be further metabolized and, in particular, can 
serve as a precursor of coumarin. 

In addition to the 2 glycosides, there were 2 radioactive, water- 
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TaBLe III 


Comparison of compounds as precursors of coumarin and 
o-coumaric acid in white sweet clover 


The experiments were conducted on shoots excised from mature 
sweet clover plants. The cut ends of excised shoots (fresh weight, 
5 gm.) were placed in beakers containing 5 ml. of solutions of 
compounds to be administered. The compounds were adminis- 
tered at pH 6 to 7 in 0.1 per cent solutions with the exception of 
sodium acetate, which was 0.01 m. Exposure time, 24 hours. 




















| Specific mt he | Diets 
Specifi compound isolate: ilution 
Compound administered activities of | = 
adonitistered | __| Aglycone | o-coumaric 
| | Coumarin| (0-cou- acid 
| |maric acid) 
—" —. | myc./mmole carbon 
trans-Cinnamic acid 15,198 2 518 29 
ring- and 3-C" 
pL-Phenylalanine-3-C™ 25,490 0.3 569 45 
Uniformly labeled shi- 5,530 — 39 142 
kimic acid-C' 
Uniformly labeled glu- | 44,570 nil 22 2,026 
cose-C 
Sodium acetate-2-C' 64,750 nil 0.8 80,940 











soluble compounds, not yet identified, which had Ry values in 
Solvent a different from those of any of the water-soluble, radio- 
active compounds isolated from shoots exposed to coumarin- 
3-C™. The total activity in these 2 compounds was 9 per cent 
of the amount taken up by the shoots. 

Precursors of Coumarin—Several radioactive compounds were 
tested for their effectiveness as precursors of coumarin. The 
results of experiments in which trans-cinnamic acid (ring- and 
3-C"), pt-phenylalanine-3-C", uniformly labeled glucose-C™, and 
sodium acetate-2-C" were administered to clover shoots are 
shown in Table III. However, as was observed in the prelimi- 
nary experiments, the extent of incorporation of these compounds 
into coumarin was extremely low and indicated that none was 
an effective precursor of coumarin. 

Precursors of o-Coumaric Acid—It has been shown (Table II) 
that o-coumaric acid as its glucoside is highly efficient in re- 
taining radioactivity when o-coumaric acid-2-C" is administered 
to shoots. This suggested that it might become significantly 
labeled when shoots were exposed to compounds such as phenyl- 
alanine-C™ or trans-cinnamic acid-C™, Following the approach 
of Brown and Neish (11), the effectiveness of the several com- 
pounds tested as precursors of o-coumaric acid (as the glucoside) 
is expressed in terms of dilution. The results (Table III) show 
that trans-cinnamic acid and phenylalanine with small dilution 
values were the most effective precursors of o-coumaric acid. 
Since there was also considerable incorporation of activity from 
shikimie acid and glucose, these results indicate that o-coumaric 
acid is synthesized by the shikimic acid pathway in white sweet 
clover. On the other hand, acetic acid was ineffective as a 
precursor. 

When o-coumaric acid (from its glucoside) was isolated from 
shoots exposed to C“O:, a dilution value of 174 was obtained. 
This suggests that CO. was a more effective precursor of 0-cou- 
maric acid than was uniformly labeled glucose-C™ (Table III). 
However, it must be emphasized that the feeding conditions 
(e.g. CO. as a gas with intense illumination; uniformly labeled 
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glucose-C" as a solution in subdued light) may not permit direct 
comparison. 


DISCUSSION 


In microorganisms aromatic compounds can be synthesized by 
at least two different pathways. One pathway was discovered 
by Davis (4, 5) who, working with Escherichia coli mutants, 
demonstrated that the benzene ring of the aromatic amino acids 
arises from shikimic acid. A second pathway was found to occur 
in Penicillium by Birch et al. (19) who showed that the benzene 
ring of griseofulvin arises from the head to tail condensation of 
acetate units. Recent studies on the biosynthesis of quercetin 
in buckwheat plants by Neish et al. (20, 21) have demonstrated 
that the biosynthesis of benzene rings in higher plants can follow 
either of these pathways. These investigators have shown that 
whereas ring A of quercetin arises from acetate units, ring B 
arises from shikimic acid. These findings have been confirmed 
by the independent studies of Geissman and Swain (22) and 
Grisebach (23, 24). 

The data presented in this paper show that trans-cinnamic 
acid and phenylalanine are effective precursors of o-coumaric 
acid. Since radioactive shikimic acid and glucose, but not 
acetic acid, also gave rise to labeled o-coumaric acid, the shikimic 
acid pathway appears to be involved in the synthesis of the 
aromatic ring of this compound in sweet clover. Moreover, 
tyrosine and phenylalanine became labeled when radioactive 
shikimic acid, but not acetic acid, was administered to clover 
shoots. Some evidence for the conversion of o-coumaric acid 
to coumarin was obtained in the present studies (Table II). 
Such results suggest that coumarin may arise from intermediates 
of the shikimic acid pathway. This is given support by the 
findings of Brown? who has found that shikimic acid is a pre- 
cursor of coumarin in Hierochloe odorata. 

The observation that fed o-coumaric acid was rapidly con- 
verted to a glycoside in clover shoots is in keeping with the 
results of Hutchinson et al. (25) who reported that leaf disks of 
a number of different plants converted phloroglucinol and other 
phenolic compounds to glucosides. Recently, the synthesis of 
o-coumary] glucoside has been demonstrated in reaction mixtures 
containing o-coumaric acid, uridine diphosphate glucose, and a 
cell-free extract from white sweet clover shoots. The synthesis 
of the B-glucoside of melilotic acid, although not demonstrated 
in experiments in vitro, may be accomplished by a similar en- 
zyme system. In contrast to the large amount that occurs bound 
in the glucoside, only trace amounts of free o-coumaric acid 
could be detected in the extracts of sweet clover studied in these 
experiments. These results suggest that this variety of sweet 
clover contains an active mechanism for the synthesis of 0-cou- 
maryl glucoside. In sweet clover, varietal differences in the 
amounts of “free” and “bound” coumarin are well established 
(26). In animals, orally administered o-coumaric acid is ex- 
creted, in part, as the glucuronide (27). 

The low specific activity of the coumarin isolated from clover 
shoots to which radioactive coumarin was administered and al- 
lowed to metabolize deserves comment as it is 2 per cent of that 
to be expected if complete equilibration without further metabo- 
lism had occurred. This suggests that the coumarin adminis- 


’ 


1T. Kosuge and E. E. Conn, unpublished observations. 
2 §. A. Brown, private communication. 
3 D.S. Feingold and T. Kosuge, unpublished observations. 
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tered was rapidly converted to other compounds and did not 
equilibrate with that present in the shoots. It is also possible 
that some equilibration occurred but that coumarin was being 
rapidly synthesized and further rapidly metabolized to other 
compounds. This alternative is given support by the detection 
of several radioactive water-soluble and -insoluble components 
in these experiments. The active metabolism of coumarin not 
only would explain why the precursors of o-coumaric acid did 
not give rise to more highly radioactive coumarin, but would 
also account for the sharp decline in specific activity of coumarin 
in the CO, experiments (Table I). In animals, orally ad- 
ministered coumarin is excreted as conjugates of 3-, 5-, 7-, and 
§-hydroxycoumarins (27). In other studies, coumarin has been 
shown to be converted to 7-hydroxycoumarin by Penicillium 
(29). 


SUMMARY 


Experiments in which intact plants and excised shoots of white 
sweet clover were exposed to CO. indicate that coumarin is 
metabolically active in these tissues. Moreover, when radio- 
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active coumarin was administered to excised clover shoots, it 
was rapidly converted to melilotyl glucoside, melilotic acid, and 
at least 2 other unidentified compounds. Under the same 
conditions, radioactive o-coumaric acid was converted primarily 
to o-coumaryl glucoside, and in small amounts to coumarin, 
melilotic acid, melilotyl glucoside, and at least 2 other unidenti- 
fied compounds. 

Trans-cinnamic acid and phenylalanine, when administered to 
excised clover shoots, were effective precursors of o-coumaric 
acid. In addition, radioactive shikimic acid and glucose gave 
rise to labeled o-coumaric acid. Under the same conditions, 
none of these compounds except o-coumaric acid significantly 
labeled coumarin. The evidence presented indicates that the 
shikimie acid pathway functions in the biosynthesis of both 
coumarin and 0-coumaric acid. 


Acknowledgment—The authors are indebted to Dr. B. D. Davis 
for a culture of E. coli mutant 83-24 which was used to prepare 
radioactive shikimic acid. 
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N-(6-Hydroxy-2-fluoreny]l) acetamide, a Urinary Metabolite after 
Intraperitoneal Injection of N-2-Fluorenylacetamide into Rats 


Joun H. WeisspurGer, EvizasetH K. WeispurGer, Preston H. GRANTHAM, AND Harotp P. Morris 


From the Laboratory of Biochemistry, National Cancer Institute, National Institutes of Health, Bethesda 14, Maryland 


In the solvent system used in this laboratory (1) for the reso- 
lution of the urinary metabolites of the carcinogen N-2-fluorenyl- 
acetamide,' the mobility of synthetic N-(6-hydroxy-2-fluorenyl)- 
acetamide (2) on paper chromatograms was similar (Rr 3.4 to 
14.5)? to that of N-(7-hydroxy-2-fluorenyl)acetamide (Rp 3.4 to 
15.4), a known and quantitatively important metabolite of 2- 
FAA (cf. (3)). Preliminary experiments by the inverse carrier 
isotope dilution technique (4, 5) indicated that 6-hydroxy-2-FAA 
might also be a metabolite of 2-FAA, since a sample retained 
radioactivity even after repeated crystallizations and conversion 
to derivatives. However, in view of the close similarity of the 
various hydroxylated metabolites of 2-FAA, it was possible that 
this finding constituted an artifact owing to cocrystallization. 
An unambiguous demonstration that 6-hydroxy-2-FAA was ac- 
tually produced by rats injected with 2-FAA was therefore de- 
sirable. This was achieved by modifying the usual technique 
(1) for separating the metabolites of 2-FAA by the use of a long 
column (approximately 2 meters) of silicic acid. Systematic 
examination by ultraviolet spectroscopy of the fractions obtained 
in this fashion revealed one with the characteristic features of 
the spectrum of 6-hydroxy-2-FAA. Carrier crystallization sub- 
sequently proved definitely that this sample contained 6-hy- 
droxy-2-FAA, thereby establishing that this compound was a 
metabolite of 2-FAA in rats. 


EXPERIMENTAL 


Methods and Results 


Animal Experiments—Six female rats weighing 120 to 130 gm. 
were each treated with 1-ml. intraperitoneal injections of a 
suspension prepared from 6.5 ml. of an acacia solution (7 per 
cent) and 84 mg. of N-2-fluorenyl-9-C'*-acetamide, 2.52 x 10° 
c.p.m. (6).3. The rats were placed in all-glass metabolism cages 
and the urine was collected in ice-cold receivers over a 48-hour 
period. The combined urine (86 ml., 1.51 x 10° ¢.p.m.) was 
adjusted to pH 6 with 5 ml. of 1 m acetate buffer and shaken 
with five 90-ml. portions of freshly distilled ether; 1.28 x 10° 
¢.p.m. remained in the aqueous phase. The latter, containing 
the material conjugated with glucuronic and sulfuric acid, was 
incubated overnight with 60 mg. of 8-glucuronidase‘ and 60 mg. 


1 The abbreviations used are: 2-FAA, N-2-fluorenylacetamide; 
6-hydroxy-2-FAA, N-(6-hydroxy-2-fluorenyl)acetamide. 

2? Ry value measured from front to back of spot. 

3 Routes of administration other than oral or skin painting of 
2-FAA have been relatively ineffective in inducing tumors (3). 
However, thrice-weekly intraperitoneal injections of a similar 
gum acacia suspension of 2-FAA for several months induced 
tumors in rats, of the mammary gland, liver, and ear duct (un- 
published observations of H. P. Morris and co-workers). 

4 Sigma Chemical Company, St. Louis, Missouri. 


of Taka-Diastase.’ The freed metabolites (7.52 x 10® c.p.m.) 
were then removed by ether extraction and subjected to chroma- 
tography. 

Column Chromatography—Separation of the ether-soluble me- 
tabolites was performed on a long column of silicic acid in order 
to resolve substances with similar mobilities such as 6-hydroxy- 
and 7-hydroxy-2-FAA. A 4- by 200-cm. column was prepared 
as described (1) but with 1175 gm. of silicic acid (Mallinckrodt, 
100 mesh, for chromatographic analysis). The ether extract 
containing the metabolites of 2-FAA (7.52 x 108 c.p.m.) was 
taken to dryness. The residue, dissolved in 3 ml. of tert-butanol, 
was applied to the column and washed in with two 2-ml. portions 
of butanol. The main solvent reservoir (cyclohexane-tert-buta- 
nol-acetic acid-water, 16:4:2:1) was attached and the eluate was 
collected in 24- to 25-ml. portions in cycles of 33 minutes. An 
aliquot of each tube was plated and counted. After the column 
had operated for 28 days the plot of specific radioactivity against 
volume of eluate (Fig. 1) showed the presence of a number of 
distinct fractions, accounting for 6.94 « 108 c.p.m. (92 per cent 
recovery). Each one was taken to dryness and dissolved in 2 
to 10 ml. of ethanol. Aliquots of the solution containing 1 to 
5 X 10° c.p.m. were brought to 1 ml. with ethanol and their 
ultraviolet spectra were determined on a Cary recording spec- 
trophotometer, model 14. Table I lists those fractions which 
were identified on the basis of their spectra and also by known 
criteria (1, 4, 6). Compounds difficultly separable on shorter 
columns, as for example, 1- and 3-hydroxy-2-FAA (6) or 5- and 
8-hydroxy-2-FAA (1), appeared in the eluate at appreciably 
different points (Peaks 1 and 2, and 3 and 4, respectively). 
Peak 5, just preceding Peak 6 of 7-hydroxy-2-FAA, exhibited an 
ultraviolet spectrum with the maxima and minima corresponding 
to those of authentic 6-hydroxy-2-FAA (2). The 6-hydroxy-2- 
FAA fraction represented about 2 per cent of the radioactivity 
applied, and was of a similar order of magnitude as the 8-hydroxy 
derivative (Table I). 

Carrier Isotope Dilution Experiments—The purity of Fraction 
5 from the column was ascertained by inverse carrier isotope 
dilution (cf. (5)). The procedures, previously successfully ap- 
plied to other metabolites of 2-FAA (4), involved repeated crys 
tallization from different solvents to constant specific activity, 
conversion to a derivative, purification of the latter, and re 
conversion to the original compound. In a typical experiment 
(Table II) a portion of Fraction 5 (5 ml. containing 2.88 x 10 
¢.p.m.) was added to a solution of 0.792 mm of 6-hydroxy-2-FAA 
in 25 ml. of ethanol. At the boiling point, 40 ml. of water were 
added, giving 0.75 mm of compound on cooling. This material 
was subjected to a number of operations ande th specific activity 


5 Parke, Davis and Company, Detroit, Michigan. 
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LITERS OF ELUATE 


Fic. 1. High resolution chromatography of the ether-soluble 
hydroxylated metabolites of N-2-fluorenylacetamide. Experi- 
mental conditions are detailed in the text. 


TaB_e I 
Identity of main fractions eluted from silicic acid column 





Radioactivity | 











| 
Fraction Volume of eluate piv Identity* 
| | 
"a liters | % 
1 | 1.92.7 3.2 1-OH-2-FAA 
2 4.04.9 9.5 3-OH-2-FAA 
3 13.5-15.3 29.5 5-OH-2-FAA 
4 | 16.9-18.0 | 2.4 8-OH-2-FAA 
5 | 20 .3-22.0 2.2 6-OH-2-FAA 
6 22 .2-24.3 18.6 7-OH-2-FAA 
: * |-Hydroxy-2-FAA, and so forth. 
TaB_e II 


Carrier analysis of Fraction 6 














Operation Solvent | Specific activity 
| c.p.m. X 
10-*/mu 
Crystallization. ............... | 33% Ethanol 3.28 
Crystallization (Norit).........| 33% Ethanol 2.78 
2 crystallizations...............| 338% Ethanol | 2.44 
Ceystallisation................ 15% Acetic acid 2.39 
Hydrolysis to amine*..........| 33% Ethanol | 2.63 
Crystallization (HCI salt)......| 50% Ethanol + 
| HCl | 2.52 
Ee eer ee 2.53 
2 erystallizations..............| 33% Ethanol | 2.47 
Crystallization................ | 10% Acetic acid 2.53 





* The acetyl derivative was refluxed for 3 hours in a mixture of 
30 ml. of 3 N HCl and 10 ml. of ethanol. 


was determined after each step (4). The data show that 
(0.792 x 2.53 x 100)/2.88 or 69.6 per cent of Fraction 5 was 
6-hydroxy-2-FAA. Since this fraction accounted for 2.2 per cent 
of the metabolites of 2-FAA conjugated with glucuronic and 
sulfuric acids, it follows that 6-hydroxy-2-FAA actually repre- 
sented 1.5 per cent of this group. With the data cited above 
it was calculated that 0.45 per cent of an intraperitoneal dose of 
2-FAA was excreted in the urine by rats as the glucuronide and 
sulfate of 6-hydroxy-2-FAA. 


witha 
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DISCUSSION 


With the demonstration that the 6-hydroxy derivative is a 
metabolite of 2-FAA, it seems that hydroxylation of this poly- 
nuclear compound affects almost all of the possible unsubstituted 
carbon atoms.* Although biochemical hydroxylation of aro- 
matic ring systems is presently not well understood, several 
possibilities concerning the intimate mechanism have been ad- 
vanced (cf. (7-10), and the recent reviews (11) and (12)). Fa- 
vored among possible steps are: (a) a perhydroxylation followed 
by a dehydration of the resulting dihydrodiol; or (b) direct at- 
tack of a hydroxyl ion on an activated position of the molecule. 
In the case of 2-FAA (Scheme 1), a consideration of the positions 


H, 


Cc 
9 


NHCOCH; 


I 


ScHeME 1 


of highest electronic charge (3, 13) supports the concept that 
biochemical hydroxylation should occur mainly in the 1-, 3-, 5-, 
and 7-positions, as has been demonstrated experimentally (cf. 
(3)). However, the present and previously reported (14) work 
proves that some hydroxylation also takes place at the 6- and 
8-positions. Activation on these carbon atoms seems to be of a 
low order, being due chiefly to a partial charge derived from the 
9 carbon, ortho and para, respectively, to the 8- and 6-position 
of 2-FAA. It is, therefore, possible that the small amounts of 
metabolites bearing hydroxyl groups on the 6 and 8 carbon atoms 
result from an unsymmetrical dehydration of precursors such as 
a 6,7- and 7,8-dihydrodiol, which would give, predominantly, 
the 7-hydroxy derivative. On the other hand, recent experi- 
ments by Booth and Boyland (15) suggest that dihydrodiols and 
phenolic compounds are produced by different, independent 
enzyme systems (cf. (9)). Hence, further efforts are required to 
elucidate the mechanism(s) of biochemical hydroxylation of poly- 
nuclear ring systems in general, and of 2-FAA in particular. 


SUMMARY 


A composite urine sample from six rats, 48 hours after an 
intraperitoneal injection of a gum acacia suspension of N-2- 
fluorenyl-9-C'“acetamide, contained 0.45 per cent of the ad- 
ministered dose as the glucuronide and sulfate of the 6-hydroxy 
derivative. The detection of this compound, N-(6-hydroxy-2- 
fluorenyl)acetamide, a previously unknown metabolite of N-2- 
fluorenylacetamide, was accomplished by a combination of high 
resolution column chromatography and inverse carrier isotope 
dilution techniques. 


* Hydroxylation on carbon 4 is the only position not yet in- 
vestigated. Hydroxylation on the aliphatic type 9 carbon atom 
does not occur, for it has been shown by inverse isotope dilution 
techniques that 9-OH-2-FAA is not a urinary metabolite. 
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Enzymatic Formation of Polysulfides from Mercaptopyruvate* 
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An enzyme system in rat liver catalyzes the decomposition of 
mercaptopyruvate to pyruvate and sulfur (1). At the optimal 
pH of this system, this reaction has been shown to be a trans- 
sulfuration (2). Acceptors of the sulfur include cyanide (2), 
sulfite and sulfinates (3). In the absence of an acceptor, the 
sulfur is fixed in a reactive form which decomposes to free sul- 
fur at lower pH. This report shows the initial form of the reac- 
tive sulfur to have the properties of a nondiffusible polysulfide. 


EXPERIMENTAL 


Materials 


Enzyme Preparation—Rat liver acetone powder, prepared by 
the method of Kaplan and Lipmann (4), was homogenized with 
10 volumes of ice and water in a Waring Blendor for 3 minutes. 
All subsequent manipulations were performed at 4°. The sus- 
pension was centrifuged at 1000 xX g for 1 hour and the super- 
natant liquor, adjusted to pH 7.4, was fractionated with neutral 
ammonium sulfate. The 40 to 60 per cent fraction was dissolved 
distilled water at a concentration of 10 mg. per ml., adjusted to 
pH 7.4, and refractionated with ammonium sulfate. The pre- 
cipitate occurring between 45 and 55 per cent saturation was 
dialyzed overnight and then lyophilized. In some instances 
further purification was obtained by electrophoresis according to 
the method of Kun and Fanshier (5). 

Substrate—Ammonium mercaptopyruvate was prepared by the 
procedure of Kun (6). A substantial improvement in the yield 
of product was obtained by the slow addition of bromopyruvic 
acid in absolute ethanol to ammonium bisulfide solution. 

Enzyme Assay—The enzyme solution (0.3 ml.) was mixed with 
0.5 ml. of substrate (84 wmoles mercaptopyruvate) and 1 ml. of 
0.2 m Bis' buffer was added to give a final pH of 9.1. This mix- 
ture was incubated for 15 minutes at 37°; 0.2 ml. of KCN solu- 
tion (28 zmoles) was added and incubation continued for another 
15 minutes. Enzyme action was stopped with 0.5 ml. of 40 per 
cent formaldehyde and the volume was made up to 5 ml. with 
water. Goldstein’s reagent (7), 1 ml., was added and the color 
produced was determined photometrically. 

Pyruvate Assay—Pyruvate in reaction mixtures was determined 
by the procedure of Friedemann and Haugen (8) after removal 
of residual mercaptopyruvate by precipitation with mercuric sul- 
fate (1). 


*This work was supported by contract No. At(40-1)-1637 with 
the Atomic Energy Commission. A preliminary report of this 
work was presented at the fiftieth annual meeting of the American 
Society of Biological Chemists, Atlantic City, New Jersey, April 
12 to 17, 1959. 

'The abbreviation used is Bis, bis(1-hydroxymethyl)amino- 
ethane or 2-amino-2-methyl-1,3-propanediol. (Eastman) 
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Sulfhydryl Assay—The method of Alexander (9) was used for 
the determination of sulfhydry] function. 

Polysulfide Sulfur—This was assayed by addition of cyanide 
ion, followed by incubation for 15 minutes at 37°. The thio- 
cyanate formed was determined by the method used in the en- 
zyme assay. Under these conditions free sulfur gave less than 
5 per cent as much thiocyanate as polysulfide sulfur. 


RESULTS AND DISCUSSION 


Meister et al. (1) showed that an extract of rat liver acetone 
powder produced free sulfur and pyruvate from mercaptopyru- 
vate when the system was incubated at pH 7.4. Later studies 
demonstrated that the pH optimum for the decomposition of 
mercaptopyruvate by the rat liver enzyme (10) was 9.1. Under 
these conditions the system functioned as a transsulfurase rather 
than as a desulfurase. When mercaptopyruvate was incubated 
with the enzyme preparation at pH 9.1, the solution became 
yellow but no precipitate was produced. Assays showed that 
pyruvate and an active form of sulfur with an apparent valence 
of zero were formed. The latter upon the addition of cyanide 
was converted to thiocyanate. However, the sulfur could not 
be extracted from the solution by CS:. If the pH was reduced 
to 7.4, after the incubation at 9.1, a precipitate formed. The 
precipitate had the properties of the product of Meister et al. 
(1). Virtually all the enzymic activity remained in the super- 
natant liquor. Elemental sulfur could be extracted from the 
precipitate with CS, and very little if any thiocyanate could be 
formed from this material at pH 9.1. The precipitate was insol- 
uble in dilute NaOH but addition of a large excess of a sulfhydryl 
compound caused production of sulfide. Addition of sulfhydryl 
compounds, such as mercaptoethanol, in the amount equivalent 
to one-tenth of the sulfur content dissolved the precipitate at 
pH 9.1 without evolution of a significant amount of sulfide. 
The dissolved sulfur exhibited properties similar to the reactive 
sulfur produced in the transsulfuration reaction. Free sulfur 
could not be extracted with CS, but upon addition of potas- 
sium cyanide, thiocyanate was rapidly formed. Restoration of 
the solution to pH 7.4 produced a precipitate and an extractable 
form of sulfur. 

The properties of the sulfur transferred from mercaptopyru- 
vate are those of an organic polysulfide. The behavior of such 
polysulfides was demonstrated in model experiments (Table I). 
Flowers of sulfur were incubated with 0.1 m solutions of sulfhy- 
dryl compounds at pH 9.1 for 15 minutes. Undissolved sulfur 
was separated by filtration and the filtrate was assayed for poly- 
sulfide content. The dissolved polysulfide sulfur was not ex- 
tractable with CS, at pH 9.1; when the pH was lowered to 7.4, 
the solution became cloudy and sulfur could be extracted. Simi- 
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TABLE I 
Thiols and nonenzymic polysulfide formation 
Flowers of sulfur (6 mg.) and 0.1 m solutions (10 ml.) of the 
following reagents in 0.1 m Bis buffer, pH 9.1, were incubated at 
37° for 15 minutes. Residual sulfur was removed by filtration 
and the polysulfide content of the filtrate was determined. Con- 
trols were reagents incubated without sulfur. 








| Polysulfide S per ml. 
| __| Polysulfide S 








Reagent ‘are S aitipiaa ty | per mmole 
| Control SS | — 
| pumoles pmoles 
Sodium sulfide 0.00 | 1.54 12.8 
Potassium cyanide...... 0.00 | 0.08 0.7 
Mercaptoethanol......... 0.00 | 1.10 9.2 
Mercaptopyruvate....... 0.12 88 7.3 
Cysteine................. | 0.00 | 1.76 14.7 








Taste II 
Thiols and nonenzymic thiocyanate formation 

Flowers of sulfur (6 mg.) were incubated with solutions (10 ml.) 
containing one of the reagents listed below, 0.1 mM, and KCN, 0.1 
M in 0.1 m Bis buffer, pH 9.1, for 15 minutes at 37°. Residual sul- 
fur was removed by filtration and the SCN- present in the fil- 
trate was determined. Controls were similar mixtures incubated 
without sulfur. 








KSCN formed per ml. 
| KSCN per 


Reagent | mmole 
Control — reagent 
ae a Da, ee 
pmoles | pmoles 
Sodium sulfide...........| 0.00 18.40 | 368 
Mercaptoethanol...... | 0.00 14.72 294 
Mercaptopyruvate. . . 0.12 1.43 | 28 
ee eee 13.07 


261 





lar results were obtained when sulfide ion was substituted for 
thiol. 

If cyanide was added at the beginning of the incubation when 
an excess of sulfur was in contact with the thiol solution, the 
amount of thiocyanate formed was much larger than in the 
previous experiments (Table II). This accelerated formation of 
thiocyanate could be explained on the basis of transfer of ele- 
mental sulfur to cyanide through a polysulfide intermediate. 
The thiol first reacted with elemental sulfur, under catalysis by 
base, to form a soluble polysulfide. This reacted with cyanide 
irreversibly to yield thiocyanate and regenerate the thiol which 
then formed more polysulfide. The thiol in carrying successive 
sulfur atoms from the sulfur to cyanide ion thus acted in a man- 
ner analogous to a coenzyme. Inorganic sulfide ion could act in 
a similar fashion. 

The above observations provide a model for the transsulfurase 
enzyme system. When the enzyme catalyzes the decomposition 
of a mercaptopyruvate molecule, the pyruvate formed is rapidly 
released from the protein surface. The sulfur on the other hand 
remains bound as polysulfide. As the reaction proceeds, the 
enzyme activity is inhibited by accumulation of bound sulfur. 
Transfer of sulfur from the enzyme to sulfide or mercaptoethanol 
frees the active sites for further decomposition of mercaptopyru- 
vate. 


Enzymatic Polysulfide Formation 


Vol. 234, No. 8 


This mechanism accounts for the activation of the enzyme 
system by mercaptoethanol at pH 7.4 (1) and at pH 9.1. As 
shown in Fig. 1, when either mercaptoethanol or sulfide was 
added at the start of the assay of the enzyme system, there was 
an increase in the formation of pyruvate and consequently of 
thiocyanate (Fig. 2). However, if the addition of the sulfhydry] 
compound was delayed in the assay procedure until the cyanide 
was added, no activating effect was noted. Thus, the effect of 
the activator was on pyruvate formation rather than on thio- 
cyanate formation. 

Cysteine failed to function as an activating sulfhydryl com- 
pound in the enzyme system although it was effective as a sulfur 
transfer agent in the model system. This anomaly was investi- 
gated kinetically and a plot of the data according to the method 
of Lineweaver and Burk (11) showed cysteine to act as a competi- 
tive inhibitor of the enzyme. The data plotted by the method 
of Hofstee (12) gave the same conclusion. 

The postulation of initial polysulfide formation between the 
released sulfur and the enzyme is supported by the demonstra- 














ij t ' ' , , , ' , 

300+ J 
2 
° 
= 5 4 
= 
«c 
S 200+ ; 
~ 
$ r 4 
z 
& 100} 4 
z 
WwW g 4 
” 
a 
WwW 
53 0 a i i i i i i 7 i i : 
F 4 (e) 8 16 24 32 
# MICROMOLES OF ACTIVATOR 


Fig. 1. The effect of mercaptoethanol, O, and sulfide ion, @, 
on pyruvate formation during assay of mercaptopyruvate trans- 
sulfurase activity. 
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Fig. 2. The effect of mercaptoethanol, O, sulfide ion, @, and 
cysteine, @, on thiocyanate formation during assay of mercapto- 
pyruvate transsulfurase activity. 
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tion that enzyme activity of the rat liver enzyme is dependent 
upon sulfhydryl groups (10, 13). Evidence for the formation of 
protein-bound polysulfide was obtained by incubating the assay 
mixture without cyanide at pH 9.1 for 15 minutes. The mixture 
was then placed in a Visking bag and dialyzed against an equal 
volume of pH 9.1 buffer with periodic replacement of the buffer. 
Aliquots of the solutions inside and outside the bag were assayed 
for sulfhydryl and polysulfide (Fig. 3). At 300 minutes all sol- 
uble polysulfides and sulfhydryl compounds had apparently 
diffused through the casing. Nondiffusible polysulfides remained 
and could be detected by adding cyanide and estimating the 
thiocyanate formed. 

Mercaptopyruvate, as a sulfhydryl compound, should act as 
an activator of the enzyme system as well as a substrate. It ob- 
viously is not very effective since the activating effects of other 
sulfhydryl compounds were measured in its presence. Further- 
more, it was less effective than mercaptoethanol in reversing the 
inhibition of enzyme activity by sulfhydryl reagents, copper and 
air, or iodine (10). Table I likewise shows that mercaptopyru- 
vate is the least effective sulfur-transferring agent in the model 
experiments. Explanation for this may be in the dissociation of 
the polysulfide as influenced by a high degree of enolization in 
the mercaptopyruvate molecule (14) and by its instability in 
alkaline solution (15). Nevertheless, some transfer of polysul- 
fide sulfur to substrate occurs and accounts for most of the 
diffusible polysulfides formed when the enzyme system is incu- 
bated with the usual excess of substrate. Release of bound sul- 
fur also increases the turnover of the enzyme due to freeing of 
reactive sites. 
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Fic. 4. Proposed mechanism of thiocyanate formation from 
mercaptopyruvate. 


Polysulfide sulfur reacts with excess mercaptan to produce 
organic disulfide and sulfide ion. Determination of the sulfide 
produced in the course of a standard enzyme assay showed this 
reaction removed less than 5 per cent of the polysulfide sulfur. 
Such sulfide as was formed reacted with sulfur from the enzyme 
to potentiate transfer to a final acceptor. The reported sulfur 
acceptors for this system are cyanide to form thiocyanate (2), 
sulfite to form thiosulfate, and sulfinic acids to form thiosulfon- 
ates (3). Kun and Fanshier (13) have proposed a mechanism 
for decomposition of mercaptopyruvate which involves an elec- 
tron transfer between dithiol and disulfide groups mediated by 
cuprous copper in the enzyme-substrate complex. This would 
result in fixation of mercaptopyruvate sulfur in a trisulfide link- 
age. In the absence of such a dismutation step, the first stages 
of Kun and Fanshier’s mechanism would result in the formation 
of the polysulfide forms discussed above. 

The interrelationships of the reactions discussed above are 
shown in Fig. 4. 

Since the corresponding transsulfurase from Escherichia coli has 
been found to differ in fundamental properties from the rat liver 
enzyme (10) it remains to be determined whether the above 
mechanisms can be applied to the bacterial system. It will also 
be of interest to determine which of these considerations apply 
to the thiosulfate transsulfurase, rhodanese. 


SUMMARY 


A mechanism for the action of mercaptopyruvate transsulfur- 
ase has been proposed. The reactive form of sulfur produced 
by this enzyme was shown to be a nondiffusible polysulfide. This 
polysulfide may react with thiols or sulfide to produce diffusible 
polysulfides, with sulfite and sulfinic acids to give thiosulfate and 
thiosulfonates, and with cyanide to form thiocyanate. The 
functions of polysulfides as intermediates in nonenzymatic trans- 
fer of sulfur to cyanide have been studied in model experiments. 
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y-Aminobutyraldehyde Dehydrogenase 
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A strain of Pseudomonas fluorescens (ATCC 13430) was iso- 
lated which could utilize either pyrrolidine or putrescine as the 
sole source of carbon, nitrogen, and energy for growth. An in- 
vestigation of the metabolism of pyrrolidine by this organism 
(1) suggested A!-pyrroline (J) as the first product of pyrrolidine 
catabolism followed by y-aminobutyric acid (J77). Enzymes 
which were induced by growth on pyrrolidine and purified from 
extracts of the pseudomonad included a y-aminobutyric-glu- 
tamic transaminase (2) and a succinic semialdehyde dehydro- 
genase (3) leading to the formation of succinic semialdehyde and 
succinic acid, respectively, as sequential products of the utiliza- 
tion of y-aminobutyrate (777). The present report dealing with 
\'-pyrroline metabolism, records the isolation of a DPN-linked 
enzyme, y-aminobutyraldehyde dehydrogenase, involved in the 
oxidation of A'-pyrroline to y-aminobutyric acid (Reaction 1). 





CH.—CH, CHe—CHe 
an & l 
| _H.0 | CH. CHO DPN’ CH. COOH (1 
a ‘on : 2 (1) 
. NH, NH, 
I Il Ill 


Investigations of putrescine metabolism in animals and plants 
indicate that diamine oxidase catalyzes the oxidation of putres- 
cine to y-aminobutyraldehyde (JJ) (4-6). This compound 
would be expected to exist in equilibrium with A‘-pyrroline; the 
equilibrium would greatly favor the latter compound (7). Since 
y-aminobutyraldehyde dehydrogenase is an inducible enzyme, 
the path of putrescine utilization by the pseudomonad could be 
assessed by using the principles of simultaneous adaptation (8). 
The findings of these experiments, and the interrelationships be- 
tween the compounds discussed are consistent with the scheme 
presented in Fig. 1. 


EXPERIMENTAL 


A'-Pyrroline 


Several methods were examined for the synthesis of A!-pyrro- 
line. Schopf and Oechler (7) have described a multistep method 
for synthesis of the acetal of y-aminobutyraldehyde. The acetal 
may be hydrolyzed with the formation of A’-pyrroline, but the 
method is tedious and results in small yields. 

A simple procedure was developed for preparing A'-pyrroline 
in low yields. A solution of 0.02 m ninhydrin and 0.02 m pi- 
omithine hydrochloride was heated for 1 minute in a boiling 
water bath and then treated with Dowex 1-chloride. The color- 
less supernatant solution represented a 20 per cent yield based 
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on ornithine. Use of higher concentrations of either of the 
reactants produced more concentrated solutions but much lower 
yields. Longer heating periods or more concentrated solutions 
resulted in the diminution of yield. The ninhydrin procedure 
has resulted, on occasion, in artifacts due to the oxidation of 
DPNH by ninhydrin remaining in the substrate mixture. 

A satisfactory method of preparation, adapted from an analyt- 
ical method for amino acids described by Chappelle and Luck 
(9), involves the use of N-bromosuccinimide; 20 ml. of 0.1 m 
pL-ornithine hydrochloride (334 mg.) were treated with 2 mmoles 
of N-bromosuccinimide (350 mg.) with magnetic stirring. The 
reaction vessel was placed in a large desiccator attached to an 
aspirator. Two vessels with as large a surface area as practical 
and containing 70 ml. of a 40 per cent solution of potassium iodide 
were also placed in the desiccator to facilitate the removal of 
bromine. After approximately 1 hour at room temperature, the 
reaction mixture was removed, heated in a boiling water bath 
for 5 minutes, and stored in evacuated Thunberg tubes. The 
A'-pyrroline was routinely obtained in 80 per cent yield from 
ornithine as assayed by either of the procedures described below. 
Attempts at isolating the pyrroline prepared by any of these 
methods were unsuccessful. The picrate of the o-aminobenz- 
aldehyde derivative of A'-pyrroline, 2,3-trimethylene-1 ,2-dihy- 
droquinazolinium picrate, was obtained, and after 4 recrystal- 
lizations from alcohol-water mixtures, melted at 169-170°;! 
reported: 170-171° (7). 

Assay—A'-Pyrroline was determined by either of two methods. 
The standard reaction system developed for enzyme assay which 
is described below was modified by allowing pyrroline to become 
the limiting factor. Sufficient enzyme was used so that the re- 
action was complete within 5 minutes. 

Alternatively, A'-pyrroline was determined as 2,3-trimeth- 
ylene-1 ,2-dihydroquinazolinium (7). To a total volume of 0.95 
ml. containing 100 umoles of potassium phosphate at pH 7 and 
A'-pyrroline, was added 0.05 ml. of an o-aminobenzaldehyde re- 
agent, the preparation of which is described in another section. 
The solution was allowed to incubate at room temperature for 
20 minutes and its optical density at 435 mu was determined. 
A tube without substrate served as a blank. With a cuvette 
of 1 em. light path, an absorbancy of 2.1 is equivalent to 
one ymole of A!-pyrroline. Standard A'-pyrroline solutions were 
assayed by the enzymatic method where the utilization of 1 umole 
results in an absorbancy change of 6.23. When a solution of A'- 
pyrroline was heated at an alkaline pH, i.e. under conditions 


1 Performed by Dr. Marshall Nirenberg. 
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Fig. 1. Proposed pathway of pyrrolidine and putrescine utiliza- 
tion by Pseudomonas fluorescens (ATCC 13430). 


which lead to destruction of the compound, the results of enzy- 
matic and colorimetric assays of the resulting preparations were 
found to have decreased in an identical manner. 

Stability—-A'-Pyrroline is stable at 100° in acid solution (Fig. 
2). These conditions obtain in the reaction mixture for its prep- 
aration, i.e. approximately pH 2.5. In alkaline solutions, the 
compound is rapidly destroyed in air. Storage of pyrroline prep- 
arations in air at 2° results in the loss of approximately 10 per 
cent of active material per day. 

The material henceforth referred to as pyrroline was free from 
bromine, but contained 0.06 m succinimide. 


Y-AMINOBUTYRALDEHYDE DEHYDROGENASE 


Purification 


“4 Assay—y-Aminobutyraldehyde dehydrogenase activity was 
routinely determined spectrophotometrically by following the 
increase in absorption at 340 my due to the formation of DPNH 
(Reaction 1). Unless otherwise specified, the standard reaction 
mixture consisted of the following in wmoles per ml.: tris(hy- 
droxymethyl)aminomethane at pH 8.2, 50; mercaptoethanol, 5; 
DPN, 0.7; rate-limiting quantities of enzyme; A'-pyrroline, 0.1. 
The components were added in the order listed, with A'-pyrroline 
being used to initiate the reaction. Readings were obtained at 
30-second intervals for 3 minutes at 340 my with a Beckman DU 
spectrophotometer or recorded with a Cary spectrophotometer. 
A unit of enzyme activity is defined as that amount of enzyme 
which catalyzes the formation of one zmole of DPNH per minute 
in the standard assay system described above. Specific activity 
is defined as units of activity per mg. of protein. 

When the enzyme activity of somewhat turbid suspensions 
was determined, as was the case with crude tissue extracts, the 
identical incubation mixture was used. However, the reaction 
was allowed to proceed for 5 minutes at room temperature (23°) 
and was terminated by the rapid addition of 0.2 ml. of 0.1 m 
zine sulfate per ml. of incubation mixture. After centrifugation, 
0.8 ml. of the supernatant fluid was added to 0.2 ml. of 0.5 m 
potassium succinate buffer at pH 6.0. o-Aminobenzaldehyde 
reagent, 0.05 ml., was added to allow the formation of 2,3-tri- 
methylene-1 ,2-dihydroquinazolium. After 20 minutes at room 
temperature, the absorbancy at 435 my was determined. Under 
these conditions, a decrease in absorbancy of 0.47 was equivalent 
to the utilization of 1 umole of A'-pyrroline. 

With either assay, pyrroline dehydrogenase activity was a 
linear function of both incubation time and of protein concentra- 
tion (Fig. 3). 
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Fractionation—The conditions for the early stages of purifica- 
tion were essentially those described for the purification of y- 
aminobutyric-glutamic transaminase and succinic semialdehyde 
dehydrogenase (2,3). In fact, all three enzymes could be par- 
tially separated from each other by subjecting the protamine. 
treated, soluble extract to ammonium sulfate concentrations of 
30, 50, and 70 per cent of saturation, resulting in precipitates 
containing the bulk of y-aminobutyraldehyde dehydrogenase, 
succinic semialdehyde dehydrogenase and transaminase activi- 
ties, respectively. Because of somewhat higher yields of pyrro- 
line dehydrogenase, and the finding that contaminating succinic 
semialdehyde dehydrogenase was removed at a later stage of 
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Fic. 2. Loss of A!-pyrroline upon heating 2 X 107? m solutions 
of the compound at 100° in the presence of air. The numbers to 
the right of the curves indicate the pH of the solution. 
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Fig. 3. Absorbancy change under standard assay conditions as 
a function of enzyme concentration and of time. 
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purification, a higher percentage of ammonium sulfate could be 
used for the present isolation procedure. Two other changes in 
the purification method were necessary. These involved the 
use of GSH instead of mercaptoethanol as the mercaptan, and 
the addition of DPN to each enzyme fraction in order to provide 
further stabilization of the enzyme. As will be pointed out, 
the enzyme is relatively unstable even in the presence of GSH 
and DPN, and a schedule of fractionation was used in which 
purification was brought to the stage of Fraction 3 on the Ist 
day and was completed on the 2nd day with the relatively stable 
Fraction 8. 

Pseudomonas cells were obtained by allowing the organism to 
grow on a medium containing pyrrolidine and supplemented 
with yeast extract (2). The cells were suspended in 0.1 m po- 
tassium phosphate buffer at pH 7.0 containing GSH and DPN; 
aratio of 1 gm. of cells per 4 ml. of buffer was used. The suspen- 
sion was subjected to sonic oscillation for 15 minutes in a 10 ke. 
Raytheon sonic vibrator and centrifuged at approximately 
15,000 x g for 15 minutes. The supernatant solution repre- 
sented Fraction 1 (Table 1). All subsequent procedures are 
based on 100 ml. of Fraction 1, and were conducted with stirring 
and, unless otherwise noted, at ice-bath temperatures. All cen- 
trifugations were performed at 15,000 x g for 15 minutes at 0°. 

To 100 ml. of Fraction 1 were added 12 ml. of a solution con- 
taining 120 mg. of protamine sulphate. The precipitate col- 
lected by centrifugation was discarded. To the supernatant 
fluid (Fraction 2) were added 35 gm. of ammonium sulphate and 
the precipitate obtained after centrifugation was suspended in 
approximately 45 ml. of 0.1 m potassium phosphate buffer at pH 
7.0 containing GSH and DPN. The pH of this turbid prepara- 
tion was immediately adjusted to pH 7.0 with 0.2 n potassium 
hydroxide and the mixture was stored at —15° overnight (Frac- 
tion 3). 

After being thawed, 2 ml. of 0.1 m GSH were added to Fractiou 
3 which was distributed in stainless steel centrifuge tubes of 25 
ml. capacity. The tubes were suspended in a water bath at 55°, 
and their contents were stirred manually for 5 minutes. After 
cooling the tubes in an ice bath and centrifugation, the super- 
natant fluids were combined and supplemented with 2.0 ml. of 
0.1 m GSH (Fraction 4). 

For each 50 ml. of Fraction 4, 11.7 gm. of ammonium sulphate 
were added. The precipitate was collected by centrifugation 
and suspended with the aid of a glass homogenizer in 25 ml. of 
0.05 m potassium phosphate solution containing GSH and DPN 
atpH 7.0. If necessary, this turbi¢ solution was adjusted to pH 
7.0 with 0.2 nN potassium hydroxide (Fraction 5). 

Acetone which had been previously cooled to approximately 
—40° was added to Fraction 5 so that an acetone concentration 
of 15 per cent, volume per volume, was attained in approximately 
5 minutes. The preparation was quickly transferred to a dry 
ice-ethanol bath at —10° and brought to an acetone concentra- 
tion of 40 per cent within a similar period. The suspension was 
centrifuged at —10°, and the supernatant fluid was brought to 
an acetone concentration of 60 per cent over a period of 5 minutes. 
After centrifugation, the 40 to 60 per cent acetone precipitate 
was suspended with the aid of a glass homogenizer in 20 ml. of 
0.05 m potassium phosphate buffer at pH 7.0 containing GSH 
and DPN (Fraction 6). 


? Reference to the use of GSH and DPN indicates a final con- 
centration of 5 X 10-*m and 5 X 10-‘ , respectively. 
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TABLE I 
Purification of y-aminobutyraldehyde dehydrogenase 




















Pact Voom | 2 || Ses Hamm 
mil. units mg. pf % 
1. Soluble extract........... | 83 | 668 | 2660 | 0.25 | 36 
2 eae | 89 | 616 | 2310] 0.27 | 23 
3. Ammonium sulfate I...... | 50 | 828 | 1800] 0.46) 90 
RR op fe ee, | 41 | 619 | 785 | 0.79) 14 
5. Ammonium sulfate II.....| 24 | 580 | 424 | 1.37| 91 
eee 676 | 260) 2.50) 92 
‘f° Sohn + ° | 22 | 497 | 253| 1.97] 92 
8. Combined DEAE eluatest! 55 464 | 36 12.9 85 
9. Ammonium sulfate IIIf... 5 | 406 | 35 | 11.6 | 80 





* Storage at 2° for 2 days. 

t Only one-half of Fraction 7 was applied to the DEAE col- 
umn. Recovery values have therefore been multiplied by a fac- 
tor of 2. 


The preparation was clarified with a small quantity of calcium 
phosphate gel. A suspension of the gel containing 105 mg. of 
solids (dry weight) was centrifuged and the supernatant fluid 
was discarded. Fraction 6 was added to the calcium phosphate 
residue, and the gel was evenly suspended. The supernatant 
fluid obtained after centrifugation was designated as Fraction 7. 

It was found convenient to work with volumes of approxi- 
mately 10 ml. of enzyme preparation for chromatography on 
N ,N-diethylaminoethylcellulose (DEAE-cellulose). A simple 
and rapid modification of the procedure of Peterson and Sober 
(10) for gradient elution chromatography on DEAE-cellulose 
was used. DEAE-cellulose was washed 3 times with approxi- 
mately 150 volumes of water and with 4 successive washes of 
50 volumes each of 0.03 m tris(hydroxymethyl)aminomethane 
buffer at pH 7.3. A column of 2.8 cm. diameter and a height 
of 8 cm. was prepared in a 4° constant temperature room. Above 
the packed DEAE-cellulose, 8 cm. of the buffer solution were 
allowed to accumulate and an appropriate aliquot of Fraction 7 
was added. The column was allowed to drain by gravity until 
only 1 em. of liquid remained above the DEAE-cellulose. 
Buffer, 10 ml., was added and again allowed to drain. Then 5 
ml. of buffer were added and the column was attached to a mixing 
flask equipped with a magnetic stirrer and containing 350 ml. of 
the same buffer. The mixing flask in turn was connected to a 
reservoir which contained a 0.5 m sodium chloride solution which 
was 0.03 m with respect to tris(hydroxymethyl)aminomethane) 
at pH 7.3. Eluate appeared at a rate of approximately 10 ml. 
per minute; the first 100 ml. were discarded. Subsequent frac- 
tions were collected at approximately 30-second intervals. For 
the preparation summarized in Table I the elution pattern is 
depicted in Fig. 4. To the fractions eluted between 152 and 213 
ml., 2 ml. of 0.05 m GSH, 2 ml. of 0.014 m DPN, and 110 mg. of 
crystalline serum albumin were added (Fraction 8). Then 17.3 
gm. of ammonium sulphate (45 per cent of saturation) were added 
and the precipitate, recovered after centrifugation, was dissolved 
in 2.5 ml. of 0.05 m potassium buffer at pH 7.0 containing GSH 
and DPN (Fraction 9). When treated with salt in this manner, 


i.e. in the presence of albumin, 85 per cent of the enzyme activity 
was recovered. Precipitation with salt in the absence of albumin 
Since 


resulted in the recovery of only 15 per cent of the enzyme. 
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Fig. 4. Elution pattern of y-aminobutyraldehyde dehydro- 
genase from a DEAE-cellulose column; details in text. Protein is 
represented by the curve and enzyme by the histogram. 
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Fig. 5. Enzyme activity as a function of pH in 0.1 m potassium 


phosphate, @, or 0.1 m tris(hydroxymethyl)aminomethane, O, 
buffers. 


albumin is precipitated in ammonium sulphate concentrations of 
greater than 50 per cent of saturation, the addition of albumin 
as a “stabilizer” in this case was particularly advantageous. The 
specific activity of Fraction 9 was the same as that of Fraction 8, 
indicating that only minimal amounts of albumin were carried 
over. 

The method allows for the recovery of approximately 60 per 
cent of the activity with a purification of 40- to 60-fold. Results 
for one such preparation are presented in Table I. 


Properties 


pH and Stability—Optimal activity was obtained at pH 8.2, 
although the enzyme was highly active over a somewhat wide 
range (Fig. 5). The protuberance of the pH curve can be ob- 


tained in repeated experiments, although its significance is not 
known. 

The presence of a mercaptan was required during fractiona- 
In the absence of mercaptoethanol 


tion and during assay. 
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during the assay, only 10 per cent of the activity obtained in the 
presence of mercaptan was found. Similarly, DPN stabilized 
the enzyme. In one experiment in which aliquots of the en- 
zyme preparation were heated at 50°, 60°, and 70° for 5 minutes, 
63, 33, and 3 per cent of the activity, respectively, was recovered 
when supplements of DPN were not included, whereas 100, 53, 
and 16 per cent, respectively, was recovered when 1 X 10-4 
DPN was present during heating. 

Although GSH and DPN were routinely included during 
fractionation, reference to Table I will indicate that the enzyme 
remained unstable to storage at 2°. Storage in the frozen state 
was more satisfactory. Fraction 3 (Table I) was stored over- 
night at —15° with a loss of 20 per cent whereas Fraction 9, 
stored at —15° for 2 weeks, lost 30 per cent of its activity, 
Dialysis of enzyme preparations overnight against 100 volumes 
of potassium phosphate buffer at pH 7.0 containing GSH and 
DPN led to the loss of 25 to 60 per cent of enzyme activity. 

Specificity—These preparations seem to oxidize only A!-pyr- 
roline; A'-piperideine, glutamic semialdehyde, succinic semialde- 
hyde, malonic semialdehyde, and a variety of other aliphatic 
aldehydes did not allow the formation of DPNH in the standard 
assay system. Half of the maximal rate of enzyme activity was 
obtained at a A'-pyrroline concentration of 1.5 < 10-5 m in the 
presence of 1.5 X 10-5 m DPN (Fig. 6). Half of the maximal 
rate was obtained with 4 x 10-5 m DPN in the presence of 1 x 
10-* m A'-pyrroline (Fig. 7). TPN does not replace DPN. 
y-Aminobutyric acid at a concentration of 2 x 10-* m was not 
inhibitory. 

Stoichiometry—The data relating to the stoichiometry of Re- 
action 1 are summarized in Table II. In Experiments 1 and 2 
of the table, A'-pyrroline and DPN, respectively, were limiting. 
The reaction was allowed to proceed to completion as ascertained 
by following DPNH formation. In Experiment 3, the reaction 
was stopped after an absorbancy increase of 0.5 at 340 muy, 
indicating the utilization of approximately half of the added 
pyrroline. The data substantiate the view that equimolar 
quantities of DPNH and y-aminobutyric acid are formed from 
DPN and A'-pyrroline and indicate that the equilibrium of Re- 
action 1 is far toward y-aminobutyrate formation. 
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In assessing the reversibility of the reaction, o-aminobenzalde- 
hyde was incubated with y-aminobutyric acid-1-C, DPNH, and 
enzyme in order to trap any A'-pyrroline formed. The following 
were incubated in a total volume of 0.5 ml. at 25°: 50 umoles of 
potassium phosphate buffer at pH 7.7, 1.5 umoles of DPNH, 1.2 
umoles of y-aminobutyric acid-1-C™ (0.5 we.), 0.1 ml. of o-amino- 
benzaldehyde reagent, and 0.5 unit of enzyme. After 30 min- 
utes, 50 wmoles of pyrroline and 0.5 ml. of o-aminobenzaldehyde 
reagent were added, followed by 20 mg. of picric acid. The 
precipitate was filtered and twice recrystallized from ethanol- 
water. This material was found to be essentially free of radio- 
activity. A similar experiment in which A'-pyrroline replaced 
o-aminobenzaldehyde during the incubation and in which the 
o-aminobenzaldehyde was added after termination of the re- 
action, yielded identical results. 

Since the assay system for y-aminobutyric acid used above is 
highly specific for that compound (2), the conclusion is drawn 
that y-aminobutyric acid is the product of A!-pyrroline oxidation 
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Fic. 7. Enzyme activity as a function of DPN concentra- 
tion. 


TaB_e II 
Stoichiometry of the reaction 

Incubations were conducted in a Beckman spectrophotometer 
in a total volume of 3 ml. of 0.05 m tris(hydroxymethyl)amino- 
methane buffer at pH 8.2 containing 0.005 m mercaptoethanol, 
0.02 units of y-aminobutyraldehyde dehydrogenase and the con- 
stituents listed. Controls for each experiment included an incu- 
bation system stopped at zero time and one without A!-pyrroline. 
Duplicate reaction mixtures were followed spectrophotometri- 
cally. The reactions were terminated with either 0.3 ml. of 0.1 m 
ZnSO, or 0.3 ml. of 2 N KOH for assay of A!-pyrroline or y-amino- 
butyrate, respectively. 

All concentrations in the table are in uwmoles per 3 ml. 


























Added Change 
Experiment a | ; 
Pyrroline DPN | Pyrroline | DPNH Ceapente 
minutes | 
1 0.44 | 1.70 30 | —0.42 | +0.44 | —0.42 
2 0.88 0.17 60 | —0.19 +0.17 | —0.16 
3 0.44 1.70 6 | —0.24 | +0.24 | —0.26 
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TaB_e III 


Induction of enzymes involved in pyrrolidine and 
putrescine catabolism 


Cells were produced by growth in a medium containing the 
following in grams per |.: carbon source, 5; KsHPO,, 1.5; Na- 
H2PO,, 0.5; MgSO,-7H.2O, 0.2; NH,sNO;, 1. The cells were har- 
vested after 18 hours’ incubation at 25° on a reciprocating shaker 
and subjected to sonic oscillation for 15 minutes. After cen- 
trifugation at 16,000 X g for 15 minutes, aliquots of the super- 
natant fluid were tested for enzyme activity. 











Specific activity 





Carbon source 


-Amino- Succinic 
butyraldehyde Transaminase semialdehyde 
| dehydrogenase 


dehydrogenase 


pmoles/hour/mg. of protein 








Pyrrolidine. . 13 | 6 15 
Putrescine..... 2 | 7 9 
y-Aminobutyrate... 0.0 4 41 
Glucose............| 0.0 | 0.6 7 
L-Glutamate...... | 0.0 | 0.0 6 





by this enzyme. Confirmation is offered by the finding that a 
ninhydrin-positive material is formed as a result of enzyme 
activity, and that this compound chromatographs on paper in a 
manner identical to y-aminobutyric acid in two solvent systems. 


INDUCTION OF ENZYME 


Evidence for the participation of y-aminobutyraldehyde (A'- 
pyrroline) as an intermediate in pyrrolidine and putrescine 
utilization was drawn from experiments involving the technique 
of simultaneous adaptation (8). When the organism was allowed 
to grow in a medium containing pyrrolidine or putrescine as the 
sole carbon source (Table III), y-aminobutyraldehyde dehy- 
drogenase and ‘-aminobutyric-glutamic transaminase were 
formed. Although small amounts of transaminase were present 
in glucose-grown cells, the specific activity of the enzyme was 
greatly increased by growth on y-aminobutyric acid, pyrrolidine, 
or putrescine. Growth on these compounds also brought about 
a slight increase in succinic semialdehyde dehydrogenase (1), but 
constitutive levels of this enzyme were relatively high. Pyrroline 
dehydrogenase was present only when pyrrolidine or putrescine 
was used as the carbon source for the pseudomonad. Glucose 
and glutamic acid were included as nonspecific carbon sources for 
comparison. 

For purposes of comparison, several animal tissues were ex- 
amined. A!-Pyrroline was not utilized by homogenates nor by 
cell-free extracts of human brain, liver, and kidney obtained at 
necropsy or by glioblastoma multiforme obtained at operation. 


DISCUSSION 


The conversion of A'-pyrroline to y-aminobutyric acid has been 
represented (Reaction 1) to include the formation of y-amino- 
butyraldehyde as an intermediate. Although the over-all reac- 
tion is experimentally irreversible, an equilibrium between A'- 
pyrroline and y-aminobutyraldehyde can be demonstrated. 
Thus, positive reactions are obtained with bisulfite and iodine 
for aldehyde, and with o-aminobenzaldehyde for pyrroline (4). 
The suggestion is therefore offered that y-aminobutyraldehyde 
is in fact the substrate of the enzyme and becomes availabe by 
virtue of a nonenzymatically mediated equilibrium. The term, 
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y-aminobutyraldehyde dehydrogenase, is used to identify the 
enzyme although the ambiguity associated with the identification 
of the true substrate is noted. 

The possible involvement of two enzymes in this system has 
been examined by recombination experiments with various 
fractions obtained during the purification procedure; no syner- 
gistic responses were found. For example, numerous combina- 
tions of eluate fractions from the DEAE-cellulose column shown 
in Fig. 4, produced only additive effects with respect to enzyme 
activity. 

With the exception of the catalyst for the initial oxidation of 
pyrrolidine, each of the enzymes proposed for its utilization by 
P. fluorescens has been partially purified and characterized (Fig. 
1). The conversion of pyrrolidine to A'-pyrroline has not been 
obtained in a cell-free system, although resting cell preparations 
incubated with pyrrolidine and o-aminobenzaldehyde do form 
the expected yellow product,! presumably the o-aminobenzalde- 
hyde derivative of A!-pyrroline. 

Since the pseudomonad was able to grow with putrescine as 
the sole carbon source, it became possible to test the contention 
that putrescine was oxidized to y-aminobutyraldehyde, the lat- 
ter being successively oxidized, transaminated, and oxidized in a 
manner identical to that with pyrrolidine. The data indicate 
simultaneous induction of each of the enzymes required for these 
steps when cells are grown on either putrescine or pyrrolidine, 
but not when growth occurs on closely related compounds. 
These observations are taken as indications for the participation 
of the steps summarized in Fig. 1. 


METHODS 


o-Aminobenzaldehyde was prepared by a modification of the 
method of Bamberger and Demuth (11). A reaction mixture 
consisting of 100 ml. of o-nitrobenzaldehyde, 1.8 gm. of ferrous 
sulfate, 3 ml. of concentrated ammonia, and 5 ml. of water was 
refluxed for 1 hour. At that time, an additional 10 ml. of water 
was added and the mixture was steam-distilled until 10 ml. of 
condensate were obtained. The steam distillate was cooled in an 
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ice bath for 20 minutes and the crystals which appeared were 
centrifuged at 0° for 5 minutes at approximately 4000 x g. 
The supernatant fluid was discarded and the crystals of o-amino- 
benzaldehyde were allowed to dissolve in 10 ml. of water; this 
solution is designated as aminobenzaldehyde reagent. Solutions 
of the reagent were stored at —15° for 1 month without notice. 
able deleterious consequences. 

A'-Piperideine was prepared in a manner entirely analogous to 
that used for the synthesis of A'-pyrroline except that lysine 
replaced ornithine. The product of lysine oxidation by N’- 
bromosuccinimide yielded a yellow solution upon treatment with 
o-aminobenzaldehyde but was not further characterized. 

Protein was determined by the method of Lowry et al. (12) 
with crystalline bovine serum albumin as a standard. -y-Amino- 
butyrate-glutamate transaminase and succinic semialdehyde 
dehydrogenase were assayed by methods previously described 
(3). 

Chromatographic identification of y-aminobutyrate was ob- 
tained by using butanol-acetic acid-water (4:1:1) and water- 
saturated phenol with Whatman No. 1 paper. Ry values of 
0.45 and 0.65, respectively, were found for y-aminobutyrate. 


SUMMARY 


Cells grown with pyrrolidine or putrescine contain an enzyme, 
y-aminobutyraldehyde dehydrogenase, which catalyzes the di- 
phosphopyridine nucleotide-linked oxidation of A'-pyrroline, 
The evidence suggests that A!-pyrrolidine is hydrolyzed and that 
the resulting y-aminobutyraldehyde is oxidized with the forma- 
tion of reduced diphosphopyridine nucleotide and y-aminobutyric 
acid. The enzyme has been purified approximately 50-fold from 
soluble extracts of Pseudomonas fluorescens. 

Experiments utilizing the technique of simultaneous adapta- 
tion indicate that putrescine and pyrrolidine catabolism involve 
y-aminobutyraldehyde as a common intermediate with the 
formation of y-aminobutyric acid, succinic semialdehyde, and 
succinic acid as successive metabolites in each case. 
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The conversion of pyruvate to phosphopyruvate is a necessary 
step in the biosynthesis of glucose or glycogen from pyruvate or 
its precursors. In animal tissues, this conversion may be ef- 
fected directly by reversal of the pyruvic kinase reaction, 


+ N -_+ 
PEP*- + ADP + Ht my. waa pyruvate~ + ATP* (1) 


or indirectly by a multienzyme system consisting of malic en- 
zyme, malic dehydrogenase, and phosphoenolpyruvic carboxy- 
kinase (2, 3). However, the physiological significance of these 
two possible pathways has not been established. 

Lardy and Ziegler (4) demonstrated that the pyruvic kinase 
reaction is reversible in the presence of potassium and Meyerhof 
and Oesper (5) determined the apparent equilibrium constant of 
the reaction and obtained an average value of 1960 + 475 at an 
unspecified alkaline pH and 30°. This paper presents further 
studies on the pyruvic kinase reaction including values for the 
equilibrium constant as a function of pH, the Michaelis con- 
stants for the reaction components, and maximal initial velocities 
for the forward and back reactions. These data when supple- 
mented by other studies may be useful in attempts to evaluate 
the contribution of the pyruvic kinase reaction to the biosyn- 
thesis of phosphopyruvate. 


EXPERIMENTAL 


All data presented in this paper were obtained at, or calculated 
for 30°. A unit of enzyme is the amount required to catalyze 
the appearance of 1 umole of product or disappearance of 1 
umole of substrate per minute unless otherwise indicated, and 
specific activity is expressed as units per mg. of protein. 

Enzyme Preparations and Assays—Pyruvic kinase was pre- 
pared by a modification of the method of Kornberg and Pricer 
(6). The fraction used in this study was obtained by combining 
three fractions of lower specific activity and refractionating with 
acetone and ammonium sulfate. This resulted in a fraction 
possessing a specific activity of 76.9 when assayed spectropho- 
tometrically by coupling with muscle lactic dehydrogenase (6). 
This compares well with the preparation of Kornberg and Pricer 
who obtained a specific activity of 57.3 at 21-23°. When run 
under optimal conditions at 30°, a maximal rate of about 325 


* This investigation was supported in part by grants from the 
American Cancer Society (1956-1957), the National Institutes of 
Health, United States Public Health Service (GF-6286) (1957- 
1958), and from the United States Atomic Energy Commission, 
Contract No. AT-(30-1)-1050. A preliminary report of this work 
has been presented elsewhere (1). 

t Postdoctoral fellow of the American Cancer Society (1956- 
1957) and of the National Institutes of Health (1957-1958). 
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units per mg. of protein could be attained. This increase in 
activity was accomplished by adding larger amounts of lactic 
dehydrogenase (1 unit per ml.) and more ADP (3.1 x 10-3 m), 
PEP! (3 x 10-* m), and MgSO, (6.7 x 10-* m). The lactic 
dehydrogenase used was obtained from liver and was free 
from pyruvic kinase. The purest preparation of muscle lactic 
dehydrogenase available to us was contaminated with a small 
amount of pyruvic kinase which complicated the use of large 
amounts of the muscle enzyme. The pyruvic kinase preparation 
was free from lactic dehydrogenase, ATPase, enolase, and myo- 
kinase. Creatine kinase was prepared according to the method 
of Noda et al. (7). The lyophilized fraction used had a specific 
activity of 41 in terms of the unit defined by Noda et al. Lactic 
dehydrogenase was purified from rabbit muscle by the method of 
Kornberg and Pricer (6) and had a specific activity of about 300 
units at pH 7.4. The liver lactic dehydrogenase was prepared 
by ammonium sulfate and gel fractionation of an extract of 
chicken liver. The specific activity of this preparation was 100 
units. Protein values were determined in all cases by the biuret 
method (8) with bovine albumin as a reference standard. 
Materials—The disodium salt of adenosine diphosphate (Pabst) 
was used and assayed as described below. The crystalline di- 
sodium salt of adenosine triphosphate (Pabst) was further puri- 
fied by repeated crystallization from water and alcohol to reduce 
the ADP content. The original material contained 1.6 per cent 
of ADP but four recrystallizations reduced the ADP content to 
approximately 0.25 per cent. The reduction of the ADP content 
of ATP permits a somewhat larger amount of phosphoenolpy- 
ruvate to besynthesized before equilibrium is reached and hence 
somewhat better accuracy in the determination of the equilibrium 
constant. The concentration of ATP was determined from its 
absorption at 257 my at pH 2 (assuming a molar extinction co- 
efficient of 14.7 x 10%) and correcting for the ADP content. 
The ADP content was assayed by use of the coupled pyruvic 
kinase and lactic dehydrogenase reactions in the presence of 
excess phosphopyruvate as described for the assay of pyruvic 
kinase activity. In experiments with known proportions of 
ADP and ATP it was found that small amounts of ADP could 
be assayed accurately in the presence of high concentrations of 
ATP, although the rate of reaction is markedly retarded under 
such conditions. Specifically, it was possible to assay as little 
as 0.03 umole of ADP in the presence of 10 umoles of ATP. 
Sodium pyruvate (reagent grade, Nutritional Biochemicals 
Corporation) was assayed with lactic dehydrogenase. The phos- 
1 The abbreviations used are: K,,, , apparent equilibrium con- 


stant; PEP, phosphoenolpyruvate; Tris, tris(hydroxymethy]) - 
aminomethane. 
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phoenolpyruvate was prepared as the barium salt by the method 
of Baer and Fischer (9) and purified by chromatographic meth- 
ods (2). After removal of the barium by precipitation with 
K.SO, the concentration of the phosphopyruvate solution was 
assayed with the coupled pyruvic kinase-lactic dehydrogenase 
system in the presence of excess ADP. In some experiments 
the PEP was obtained as the commercial tricyclohexylamine salt 
(California Foundation for Biochemical Research) and used after 
removal of the cyclohexylamine with Dowex 50 resin. The 
DPNH used was the disodium salt (Pabst). 

Assay of Phosphoenolpyruvate and ADP in Reaction Mixtures 
—For assay of phosphopyruvate and ADP formed enzymatically, 
the reaction was stopped by adding trichloroacetic acid and the 
precipitated protein was removed by centrifugation at 0°. The 
supernatant solution was neutralized in the cold with 2 Nn NaOH 
and placed on a 0.38 cm.? X 4 cm. Dowex 1-chloride (4X, 50-100 
mesh) column. The column was washed with 100 ml. of 0.01 
n HCl, which removed essentially all the pyruvate, and was fol- 
lowed by 12 to 20 ml. (depending upon the amount of PEP 
and ADP expected) of 0.01 n HCl-0.2 m NaCl which removed 
the PEP and ADP. The latter eluate was made alkaline 
to phenolphthalein and assayed spectrophotometrically for phos- 
phoenolpyruvate or ADP as described. 

Recovery experiments with known mixtures have shown an 
average recovery of 91 per cent for phosphoenolpyruvate with a 
range from 82 to 100 per cent. However, in the actual experi- 
ments for the determination of the equilibrium constant, a con- 
trol experiment indicated complete recovery of the PEP. 
Therefore, on this basis the PEP recovery was assumed to 
be quantitative. The recovery experiments also indicated an 
average recovery of 85 per cent for ADP with a range from 78 to 
92 per cent. Again, in the actual experiments for the determina- 
tion of the equilibrium constant from the forward direction the 
final ADP concentrations were corrected for 20.9 per cent loss 
as based on the percentage recovery in a control containing no 
ATP and albumin in place of the enzyme. In approaching the 
equilibrium with ATP and pyruvate as substrates the final ADP 
concentrations were corrected for 12.4 per cent loss. The smaller 
loss of ADP in this case is presumed to be due to different experi- 
mental conditions. 


RESULTS 


Determinations of Equilibrium Constant at Various pH’s and 
at Two Levels of Mg+*+—The equilibrium of the pyruvic kinase 
reaction lies far toward pyruvate but by use of large amounts of 
pyruvate and ATP it was possible to synthesize measurable 
amounts of phosphoenolpyruvate and ADP and thereby to cal- 
culate the apparent equilibrium constant at various pH values. 
Fig. 1 shows the effect of pH on PEP synthesis by pyruvic 
kinase. It is interesting to note that not only does the amount 
of phosphoenolpyruvate synthesis increase with increasing pH, as 
would be expected, but that the rate of PEP formation also in- 
creases markedly. 

The apparent equilibrium of the kinase reaction was deter- 
mined at various pH values with pyruvate and ATP as substrates 
(back reaction) after experiments of the type shown in Fig. 1 
had demonstrated the feasibility of such measurements. The 
results are given in the top half of Table I. The final concentra- 
tions of phosphoenolpyruvate and ADP were determined spectro- 
photometrically after the column chromatography as described 
earlier. The final concentrations of pyruvate and ATP were 
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Fic. 1. Synthesis of phosphopyruvate at pH values from 7.4 to 
9.0. The reaction tubes initially contained the following com- 
ponents in a total volume of 3 ml.: 0.067 m KCl, 0.002 m MgCl, or 
MgS0O,, 0.0067 m ATP, 0.033 m sodium pyruvate, 0.05 m Tris buffer 
(of various pH values), and 10 units of pyruvic kinase. PE = PEP. 


calculated by substrating the amount of PEP formed from the 
initial concentrations of pyruvate and ATP. 

The apparent equilibrium of the kinase reaction with ADP and 
phosphoenolpyruvate as substrates (the forward direction) was 
also determined and the results are given in the lower half of 
Table I. For these experiments it was necessary to include in 
the reaction fairly high concentrations of both ATP (0.0034 m) 
and pyruvate (0.033 m) so that sufficient concentrations of phos- 
phoenolpyruvate and ADP remained at equilibrium for their ac- 
curate estimation. The final concentrations of pyruvate and 


TABLE I 


Equilibrium constants determined by approaching equilibrium from 
both sides of reaction in presence of 0.002 « Mg*+ 
In addition to the initial concentrations of Pyr, ATP, ADP, 
and PE listed above, the following components were also added 
to the reaction tubes: 0.067 m KCl, 0.050 m Tris buffer, and 10 
units of pyruvic kinase. The reaction mixtures were incubated 
for 45 minutes. 




















= Initial molar concen- | Final molar con- 
z trations X 108 centrations X 10# 
Keqfrom (|-¢ 6 pH app 
2 aa ATP | ADP | PEP | Pyr* ATP | ADP | PEP & 
Pyr* and | 1 |7.4/33.26. 770. 0193.0 33 .0/6. 5010. 1880. 175 6610 
ATP 2 |8.033.216.7710.01930 _32.9/6.47|0.329/0. 301 2150 
3 |8.4/33. 2'6.770. 019300 (32. 7\6.27|0.517|0.493| 804 
4 |9.0/33.2/6.77| 0.0193 0 Pe -4/6.05|0.747/0.717| 367 
; | | 
PEP and | 5/7. 4/33. 43.38 0.667 0. 667/32. 93. 900. 1440. 146 6200 
ADP 6 8.0/3. 4'3.38 0.667 (0.67/33. 83. 8100. 238)0. 238 2280 
7 8.4 33.43. 38)0.667 0.667/33. -7/3.70)0.347 (0.351 1020 








* Pyr = pyruvate. 
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ATP were calculated by adding the average differences between 
initial and final concentrations of PEP and ADP to the initial 
concentrations of pyruvate and ATP. 

The apparent equilibrium constant of the pyruvic kinase reac- 
tion is given by the expression, Kapp! = (ATP)(pyruvate) / 
(ADP)(PEP), where the concentrations are expressed as total 
concentrations of all molecular species. The average value of 
Kapp 18 6.45 X 10° at pH 7.4; 2.22 « 10° at pH 8.0; 9.10 x 10? 
at pH 8.4; and a single determination at pH 9.0 gave a value of 
3.70 X 10%. Meyerhof and Oesper, who obtained a value of 
1.96 X 10%, were probably working near pH 8 since they used 
bicarbonate buffer. The values in Table I were obtained in the 
presence of 0.002 m Mg**. Earlier experiments indicated that in 
the presence of 0.0033 m Mg*t* the apparent equilibrium con- 
stants at the various pH values are somewhat higher, e.g. at pH 
7.4, the apparent equilibrium constant is 7.82 x 10°. 

The apparent equilibrium constants shown in Table I do not 
take into account the (H*) nor the dissociation and ion effects on 
the various reactants. The distribution of the species of the 
reactants can be calculated for the individual experiments of 
Table I with the use of reported dissociation and binding con- 
stants for ATP, ADP, and PEP since the total concentrations 
of these substances and of Mg, K, and Na are known. For 
these calculations it has been assumed that pyruvate, HATP*-, 
HADP?-, and HPEP?- do not bind the various cations to a 
significant extent. The values for the different species shown 
in Table II have been calculated by the four simultaneous 
equations shown below: 


= (ATP)r 
ATP“) = —— 
es © re [(H)/KAATP] + Dugare(Mg) + 
Dxare(K*) + Dnaarp(Na*) 
(ADP*-) = (ADP)r 


1 + ((H* )/KaADP| + Dugavp(Mg**) + 

Dxapp(K*) + Dyaapp(Na*) 

(PEP) = ves edie 
1 + [(H*)/KaPEP] + - Dugrer(Mg?*) + 

Dxrer(K* + Na*) 


(Mg)r = (Mg*+) + (MgATP?-) + (MgADP-) + (MgPEP-) 


J.T. McQuate and M. F. Utter 
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The terms containing Ka and D refer to the respective acid dis- 
sociation and metal-binding constants of the indicated substances 
and the subscript T denotes total concentration of the constit- 
uent. The actual constants used are shown in the legend of 
Table II. For solution of these equations it has been assumed 
that (K*) and (Na*) are equal to (K)r and (Na)z, respectively. 
This assumption is reasonable since the total concentrations of 
these substances are large and little affected by binding with the 
anions considered. If (K+) and (Na*) are known, all the terms 
on the right hand side of the first three equations are known for 
any single experiment, with the exception of (Mg**). This value 
was obtained by successive approximations with the fourth equa- 
tion asa check. For any value of (Mg?*), the term (MgATP?-) 
in the fourth equation has the following relationship to (ATP*-): 
(MgATP2-) = (ATP*-)-Dwgarp (Mg**). Similarly, the values 
in the fourth equation for (MgADP-) and (MgPEP-) can be eal- 
culated from the second and third equation, respectively. Also, 
(HATP*-), (KATP®*-), and (NaATP*-) can be calculated from 
the second, fourth, and fifth terms of the denominator of the 
first equation, respectively. In the same way the other species 
of ADP and PEP can be calculated from the other equations. 
The binding constant for NaPEP?- was assumed to be equal to 
that for KPEP?-. 

The data for the various species of reactants (Table II) can 
be used in a variety of ways for the calculation of the enzymatic 
K., depending on the assumptions made concerning the en- 
zymatically active species. One of the simplest treatments is 
that of a pH and metal-independent equilibrium constant such 
as calculated for the enolase reaction by Wold and Ballou (10). 
Such calculations have been made here according to the follow- 
ing equation: 

_ (py ruvate~)(ATP*) 


K = (PEP (ADP*)(i*) 





These values are shown in the third column of Table III and 
range from 2.31 to 5.61 X 10" (liters per mole). It is apparent 
that the values for any particular pH agree reasonably well 
whether the reaction was run in the forward or the back direec- 


TaB_eE II 
Calculated values for various species of ATP, ADP, and PE* 


The values shown above were obtained by calculation from the data of the corresponding experiments of Table I. 
constants obtained from the literature (10-12) have been used: KaATP = 
Dugate = 2970t, Dkate = 11.5, Dyaare = 14.3, Dugatre = 1002, Dxapp = 5.5, Daapp = 6.7, Dugrer = 


The following 
, KaADP = 2.08 X 10-7, KaPEP = 4.47 X 10-7, 
180, Dxprep = 12. The (Mg)r was 


1.12 X 107 


2 X 10°? m in all experiments; (K)7 was 0.082 m in Experiments 1 to 4 and 0.076 m in Experiments 5 to 7; and (Na)7 was 0.0467 m in 


Experiments 1 to 4 and 0.042 m in Experiments 5 to 7. 


The values for (Mg?*) are those actually used in the calculations and the 


values for (Mg)r are included to indicate the relative accuracy attained in the solution of the simultaneous equations (see text). 









































pi L k . k, eo wee T che 
em | ELE EE eT EVEL Ela] a} BY 8 Eel 3 |g 
a = = y} Zz = f-@ 4 #9 oe Ts a = = Zz za -. 
1 1.67 | 0.59 | 1.64 | 1.58 | 1.12 0.083 | 0.016 | 0.027 | 0.037 | 0.026 0.066 | 0.006 | 0.004 | 0.10 | 0.325 | 1.998 
2 1.79 | 0.159 | 1.63 1.69 1.20 | 0.156 _ 0.007 0.048 | b 069 0.049 | 0.116 | 0.003 | 0.006 | 0.177 | 0.307 | 1.994 
3 1.76 | 0.063 | 1.61 | 1.66 1.18 | 0.248 | 0.005 0.076 | 0.109 | 0.078 | 0.191 | 0.002 | 0.011 | 0.291 | 0.307 | 2.000 
4 1.71 | 0.015 | ge | 1.61 | 1.14 | 0.361 | 0.002 | 0.111 | | 9. 159 | 0.113 | 0.278 | 0.001 | 0.015 | 0.423 | 0.307 | 1.994 
5 | 0.880 | 0.312 | 1.41 | 0.765 | 0.528 | 0.059 | 0.011 | 0.032 | | 0.025 | 0.017 | 0.056 | 0.005 | 0.005 | 0.079 | 0.540 | 1.989 
6 0.928 | 0.083 | 1.4: 3 | 0.807 | 0.557 | 0.105 | 0.005 | 0.054 | | 0. 044 | | 0.030 | 0.094 | 0.002 | 0.009 | 0.133 | 0.520 | 2.006 
7 0.920 | 0.033 1.39 | 0. 800 | | 0. 552 | 0.156 | | 0. 003 | 0.080 | 0.065 | 0.044 | 0.139 | 0.001 | 0.013 | 0.197 | 0.510 | 1.997 





* All values are 10° m. 
+ With different methods of estimation, the value of Dy,arp has been reported to be as high as 2 X 10* (13) and 3.8 X 10* (14) and 
use of these values would obviously alter the above distribution considerably. 
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TaB_e III 


Calculations of equilibrium constants with different species of 
reactants of pyruvic kinase reaction 














ATP, ADP, and PEP species used in calculations* 
Experiment pH | : 
og Fre species | Mi helt lan aad Na 
1X 10-4 L./mole 1 X 10-" L./mole\1 X 107" L./mole 
1 74 | 2.52 7.64 1.49 
2 8.0 3.25 9.62 1.91 
3 8.4 3.05 9.04 1.80 
4 9.0 5.61 16.3 3.27 
5 7.4 2.31 6.70 1.36 
6 8.0 3.18 | 9.52 1.91 
7 8.4 3.59 10.6 2.16 











* These calculations are based on the values shown in Table ITI. 
See the text for further explanation of the species used. 


tion. The values tend to increase as the pH rises. To determine 
if this pattern is dependent upon the assumptions made con- 
cerning active species, several other sets of calculations have 
been made, two of which are also shown in the last two columns 
of Table III. Although the absolute values vary according to 
the species chosen, the rising trend with pH was noted in each 
case. The fourth column of Table III shows calculations with 
the Mg chelates of ATP and ADP and the free species of pyru- 
vate and phosphoenolpyruvate. When the chelate of the latter 
is also included the values rise to the range of 10 and become 
somewhat more erratic than any of those shown in Table III. 
In the last column of Table III, the calculations are made by 
lumping together the free, Na, and K species of the constituents. 
Interestingly, values so obtained from the present data approach 
those obtained for a pH, metal-independent equilibrium con- 
stant obtained by calculations which ignore binding by Na and K. 
The latter procedure was used by Robbins and Boyer (15) for 
the hexokinase reaction. 

It is apparent that none of the foregoing procedures is of ma- 
terial aid in reaching conclusions concerning the enzymatically 
active species for the pyruvic kinase reaction. Neither does any 
particular procedure offer an entirely satisfactory fit for the data 
obtained at different (H*) levels. The most probable explana- 
tions for the pH trend are, of course, experimental errors varying 
in some systematic way with pH (eg. recovery of ADP or 
PEP) or a neglect of some factor varying with pH (e.g. bind- 
ing of Tris with reaction constituents). It is perhaps worth 
noting, however, that all the above calculations utilize the total 
value for pyruvate without consideration for the species which 
may be present, i.e. the keto, enol, and enolate forms. If not all 
these species are equally active in the pyruvic kinase reaction, 
and the proportions change with pH as might be expected, the 
above calculations will necessarily be in error. Unfortunately, 
data for the enolization of pyruvate and dissociation of the enol 
form do not seem to be available, perhaps because polarographic 
studies (16) and spectrophotometric studies (17, 18) have not 
yielded any clear evidence for the enol or enolate forms. In 
studies of the pH-independent equilibrium constant of another 
reaction involving pyruvate, lactic dehydrogenase, Nielands (19) 
reported an apparent increase from 2.3 to 4.4 X 10-"° in going 
from pH 7 to 10, a change roughly paralleling the one reported 
here. 
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Determination of K, Values for Reactants 


Phosphoenolpyruvate and ADP—For determination of the K, 
values for ADP and phosphoenolpyruvate, initial velocities were 
estimated spectrophotometrically by the use of the coupled re- 
action with lactic dehydrogenase. To obtain an initial rate 
which is linear with time, it is necessary to employ a considera- 
ble excess of the dehydrogenase. The K, and Vmax values for 
either of these substrates is influenced somewhat by the con- 
centration of the second substrate and at certain ranges by the 
concentration of added Mg?+. Some of these effects are shown 
in Table [V. The values were obtained from Lineweaver-Burk 
plots with the least squares method for positioning the line. 
From the data of Table IV, it appears that under the experi- 
mental conditions, the K, value for PEP approaches 7 x 10-5 
mM with excess ADP and Mg®* and the K, value for ADP ap- 
proaches 3 X 10-* m under corresponding conditions. The 
Vmax Values in the forward direction as calculated from these 
experiments approach 350 to 400 (umoles of PEP used per 
minute per mg. of protein at 30°). From the discussion in 
the preceding section of the different species of ADP and phos- 
phoenolpyruvate which may be expected to be present, it is clear 
that the K, values given here are for (ADP)r and (PEP); 
and that the K, values for the active species may be somewhat 
lower. Attempts to utilize data of the type shown in Table IV 
to estimate kinetic constants as has been described for other 
two-substrate reactions by Hakala et al. (20) and Frieden (21) 
have not been entirely successful, presumably because of the 
complications introduced by the chelation effects of Mg?+. Nev- 
ertheless, the data of Table IV serve to establish the range of the 
K, values for (ADP)+7 and (PE), at pH 7.4. 

Pyruvate and ATP—K, and Vmax values for ATP and pyru- 
vate have been estimated by determining the amount of py- 
ruvate synthesized during the initial linear portion of the back 
reaction. These procedures are too cumbersome for extensive 


TaBie IV 


K, values for phosphopyruvate and ADP at pH 7.4 determined at 
various levels of second substrate and Mg 

Reaction velocites for the determination of the K, values for 
PEP and ADP were determined in 3-ml. cuvettes containing the 
following components: 0.033 m Tris buffer (pH 7.4), 0.067 m KCl, 
0.67 to 1.3 X 10-*m DPNH, 1 unit of lactic dehydrogenase, 0.05 
unit of pyruvic kinase, and the concentrations of Mg, ADP, and 
PEP indicated in the table. 





Concentration of 














second Gubetrate |Concentration of Mg K; Vmax 
PEP 
M M M 
0.625xX 10> | 2x 10° 3.75 X 10-5 263 
1.25 xX 10-3 | 2x 10-3 4.82 X 10-5 341 
3.12 X103 | 2x 10-3 7.81 X 10-5 365 
3.12 xX 10-3 | 4X 1073 6.31 X 10-5 391 
ADP 
05x10" | 2x10 1.68 X 10-* 134 
15X10 | 2x10 2.44 X 10-4 280 
50X10" | 2X 1073 3.63 X 10-4 424 
50X10" | 4X 1073 2.37 X 10-4 305 
50X10 | 4X 1073 2.80 X 10-4 351 
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TABLE V 
Micromoles of phosphopyruvate synthesized at 
various concentrations of pyruvate 
In addition to the pyruvate concentration indicated, the reac- 
tion mixtures included the following in 3 ml.: 0.050 m Tris buffer 
(pH 7.4), 0.067 m KCl, 0.002 m MgCl», 6.87 X 10-* m ATP, and 10 
units of pyruvic kinase. 





| Molar concentration of pyruvate 





Time | 











| 66.21 x | 33.69% | 16.84% | 8.07x 
| 40-8 10-3 10?) =| 107 
a min. =m " 
2 0.055 | 0.058 | 0.038 | 0.028 
5 0.151 0.139 0.101 | 0.073 
10 0.293 0.260 0.182 | 0.165 
20 | 0.525 0.406 0.322 | 0.255 
Rate per minute used in cal- | 
culation of K, | 0.0290 | 0.0276 | 0.0191 | 0.0150 





kinetic studies but are sufficient to give an indication of the K, 
and Vmax Values. As shown in Table V, the formation of phos- 
phopyruvate with different concentrations of pyruvate is essen- 
tially linear for the first 10 minutes. When plotted by the 
Lineweaver-Burk procedure with the method of least squares to 
establish the best position of the line (Fig. 2), a K, value for 
pyruvate of about 1 X 10-? M is obtained with a Vinax of 0.63 
(umole of phosphoenolpyruvate synthesized per minute per mg. 
of protein at 30°). The latter value is undoubtedly low since 
these rate determinations were carried out in the presence of an 
inhibitory concentration of ATP (ef. Fig. 3). Although the K, 
value obtained in this way may also be somewhat in error, it 
would appear that the pyruvic kinase has a surprisingly low 
affinity for pyruvate. 

For the determination of the AK, of ATP it was necessary to 
work at low levels of ATP since high levels of ATP were found 
to be inhibitory. The inhibitory effects of higher concentrations 
of ATP are shown in Fig. 3. The figure shows clearly that the 
addition of larger amounts of ATP results in the formation of 
more PEP but that the initial velocity is decreased by higher 
concentrations of the nucleotide. Levels of ATP below 1.63 x 
10-* m gave lower rates of PEP formation under the experi- 
mental conditions. A similar inhibition of initial velocities 
of the hexokinase reaction with increasing concentrations of 
ATP has been shown by Melchior and Melchior (13) at low 
Mg concentrations. The inhibitory effect of ATP is probably 
the result of the lowering of Mg?*+ by chelation with ATP. In 
order to study the pyruvic kinase reaction at low ATP concen- 
trations it was necessary to use an ATP-regenerating system to 
obtain sufficient phosphoenolpyruvate synthesis to permit rea- 
sonably accurate estimations of initial velocity. Creatine kinase 
and creatine phosphate have been used for this purpose. Parks 
et al. (22) have recently utilized the creatine kinase reaction in a 
similar fashion as a regenerating system in determining the K, 
for ATP in the liver fructokinase reaction. Preliminary experi- 
ments with this regenerating system indicated that it was neces- 
sary to raise the Mg** concentration to 0.008 m in order to obtain 
an initial rate of PE synthesis with 1.7 X 10-* m ATP equal to 
that in the absence of the regenerating system. The data upon 
which the determination of the K, for ATP is based are pre- 
sented in Table VI and show that the reaction rate is nearly 
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linear for the first 5 minutes. The amount of phosphoenolpy- 
ruvate synthesized in the presence of 1.7 X 107° m ATP (and 
0.008 m Mg**) in 2 minutes with the regenerating system is essen- 
tially the same (0.151 umole) as found in the absence of the re- 
generating system (0.148 umole) when 1.7 « 10-? m ATP and 
0.002 m Mg** are present. The agreement between the initial 
rates of PEP synthesis in the presence and absence of the 
ATP-regenerating system suggests that the latter system is 
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Fic. 2. Double reciprocal plots for the determination of the K, 
for pyruvate (@——@) and ATP (O——O) with the use of the 
method of least squares. The components of the reaction mix- 
tures were as described in Table V for the determination of the 
K, for pyruvate, and in Table VI for ATP. 
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Fig. 3. Inhibition of phosphopyruvate synthesis by higher 
levels of ATP. X——X, 6.53 X 10°? m; @——®@, 3.27 X 10-' a; 
and O——O 1.63 X 10°? m ATP. In addition to the ATP the 
reaction mixtures contained the following in a total volume of 3 
ml.: 0.067 m KCl, 0.002 m MgSO,, 0.067 m pyruvate, 0.05 m Tris 
buffer (pH 7.4), and 10 units of pyruvic kinase. PE = PEP. 
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TaBie VI 
Micromoles of phosphopyruvate synthesized at various 
concentrations of ATP in presence of 0.008 m Mg** and 
creatine kinase system for regeneration of ATP 

The reaction tubes contained in 3 ml. the following components 
in addition to the concentration of ATP and Mg*+ indicated 
above: 0.067 m KCl, 0.068 m pyruvate, 0.05 m Tris buffer, 0.005 m 
creatine phosphate, 1 mg. of lyophilized creatine kinase (41 units), 
and 10 units of pyruvic kinase. The creatine phosphate was dis- 
solved in water immediately before use, the creatine kinase was 
added during the 10 minute equilibration period, and the reaction 
was started with the addition of the pyruvic kinase. 

















Molar concentration of ATP 
Time 
1.71 X 10°? | 0.68 X 107% | 0.34 XK 107% 0.17 X 107% 
min. 
2 0.151 0.093 0.061 0.036 
5 0.334 0.214 0.133 0.075 








not rate limiting although the comparison may not be strictly 
valid since the Mg*+ concentrations were not identical in the 
two experiments. There is other evidence, however, which sug- 
gests that the rates of PEP synthesis at low ATP levels are 
not limited by the creatine kinase system. In support of this 
argument other experiments with 1.63 x 10-* m ATP showed 
that doubling the amount of creatine kinase did not increase the 
rate of PE formation. In the calculation of the K, for ATP the 
values obtained at the 2 minute times were used as the rate of 
the reaction for that level of ATP. The K, for ATP obtained 
under these conditions (Fig. 2) is 8.6 « 10-4 m and the Vmax is 
2.02 umoles of phosphoenolpyruvate formed per minute per mg. 
of protein. The concentration of pyruvate in these experiments 
was approximately 6.6 times the apparent K, value for this sub- 
stance. 

Ratios of Initial Forward and Back Reaction Rates—Since the 
equilibrium constant of a reaction does not give information as 
to the relative rates of the forward and back reactions, the initial 
rates of the reaction in the two directions were compared. 

The maximal initial rate of phosphopyruvate synthesis at- 
tained experimentally in the reversal of this reaction was in the 
determination of the K, for ATP at a concentration of 0.0017 
m ATP. With this concentration of ATP in the presence of 
0.0687 m sodium pyruvate, 1.41 umoles of phosphopyruvate were 
formed in 1 minute per mg. of protein. This value is a minimal 
one since the ATP concentration in this experiment was only 
twice the K, value. The Vinax which can be calculated from 
the same experiments, 2.0 wmoles of phosphoenolpyruvate 
formed per minute per mg. of protein, is a more reasonable esti- 
mate, although it is possible that this value is still somewhat low. 
In the forward direction where more data are available and the 
assay conditions are more favorable it has been possible to at- 
tain experimentally a rate of about 325 umoles of PEP utilized 
per minute per mg. of protein and the calculated Vmax 
values for the forward direction approach 350 to 400. From 
these values it would appear that the ratio of the initial velocities 
of the forward and back reactions is 150 to 200 at pH 7.4. It 
was observed in Fig. 1 that the initial rate of PEP synthesis 
increased with higher pH. Considering the rate at pH 7.4 as 1, 
the initial rates of PEP synthesis under the experimental condi- 
tions of Fig. 1 are about 1.2, 2.7, and 4.3 at pH values of 8, 8.4, 
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and 9.0, respectively. Since the rate of the forward reaction 
remains essentially constant from pH 7.4 to 8.4 with a slight 
decrease at 9, it is apparent that the ratio of forward to back 
reaction rates decreases sharply with rising pH. 

DISCUSSION 

The Kap, of the pyruvic kinase reaction at pH 7.4 lies even 
farther toward pyruvate than had been suggested by earlier 
measurements of Meyerhof and Oesper (5). As might be ex- 
pected, the Kap» is influenced strongly by pH decreasing from 
6.45 X 10° at pH 7.4 to 3.7 K 10? at pH 9. The (Mg)7r is also 
a factor in determining the magnitude of K,,, with higher con- 
centrations shifting the equilibrium toward pyruvate. Presum- 
ably, this shift occurs because of the greater tendency for Mg*+ 
to form complexes with ATP than with ADP and phosphoenol- 
pyruvate. Calculations of the equilibrium constant with vari- 
ous assumptions concerning the nature of the enzymatically ac- 
tive species have given values ranging from 1.36 to 10 x 10" 
but have not yielded an answer to the question of the active 
forms. 

It was of interest to find that in spite of the fact that the 
equilibrium constant indicates that the equilibrium lies very far 
toward pyruvate, the ratio between maximal forward and back 
reaction rates is not markedly unfavorable for PE synthesis, 
At pH 7.4, pyruvate formation is favored by a ratio of perhaps 
150 to 200 and this ratio is still lower at higher pH values. Such 
ratios do not preclude substantial phosphoenolpyruvate forma- 
tion by this route when sufficiently high concentrations of pyru- 
vate and ATP and sufficiently low concentrations for PEP and 
ADP can be maintained by suitable coupling reactions. How- 
ever, the limited information available on the K, for pyruvate 
(1 X 10-* M) suggests that maximal rates of PEP synthesis may 
not occur physiologically. In addition since the back reaction 
is still a relatively slow reaction, substantial amounts of pyruvic 
kinase would be required to achieve significant rates of phospho- 
pyruvate synthesis. 

According to presently available evidence, the net conversion 
of pyruvate to glycogen occurs in liver, kidney, and possibly 
heart (23), although the question has not been investigated ex- 
tensively in many tissues. There is little doubt that C™-pyru- 
vate can be incorporated into glycogen in other tissues such as 
diaphragm (24), but this incorporation may be the result of ex- 
change reactions. Any attempt to assess the importance of 
pyruvic kinase in the formation of phosphoenolpyruvate and 
glycogen in a particular tissue will require knowledge of the 
amounts and properties of this enzyme in the tissue as well as 
information on the levels in vivo of metabolites. 


SUMMARY 


Data on some of the equilibrium and kinetic properties of the 
pyruvic kinase reaction have been reported. The apparent Ke, 
for the reaction: 


H* + phosphoenolpyruvate + ADP = pyruvate + ATP 


varied (with H+ excluded) from 6.45 X 10° at pH 7.4 to 3.7 x 10 
at pH 9.0. Calculations of the pH-independent constant which 
also take into account various possibilities concerning the en- 
zymatically active species of the reactants range from 10" to 
10 depending on the pH and the assumptions as to active 
species. The K, values for the different reactants and maximal 
initial velocities of the forward and back reactions at pH 7.4 
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have been calculated. Although the equilibrium of the reaction 
lies very far to the right at this pH the Vmax of the forward re- 
action is estimated to be only 150 to 200 times that of the back 
reaction. 


Acknowledgment—The authors wish to thank Drs. E. W. Davie 
and M. J. Johnson for helpful discussion on the calculation of 
the various values for the equilibrium constant. 


Addendum—During the completion of this manuscript Krim- 
sky (25) reported values for the K., of the pyruvic kinase reac- 
tion. He gives an average value of 1.09 < 108 for the pH and 
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metal-independent constant. Although not specifically stated, 
recalculation of these data indicate that the above value has the 
dimensions of milliliters per umole so that the above figure must 
be multiplied by 1 x 10° to convert it to the more usual liter 
per mole dimension used here. The metal and pH independent 
constant was calculated without regard for K+ binding and thus 
can best be compared with the last column of Table III at pH 
values of 7.4 and 8.0. When these factors are considered, the 
agreement is relatively good with the values reported here slightly 
higher. It should be noted that over a pH range of 1 unit (7.7 
to 8.7) Krimsky’s results showed no discernible trend with pH 
unlike the present report. 
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Considerable evidence is available, from studies of both broken 
and intact cell preparations, that before the carbon atoms of 
glycerol and lactate can enter the metabolic sequence giving rise 
to glycogen, fatty acids, and water they must first contribute the 
hydrogen bound to their second carbon atom to reduced diphos- 
phopyridine nucleotide synthesis. With lactic acid this synthe- 
sis proceeds directly through the agency of lactic acid dehydrog- 
enase with the formation of DPNH and pyruvic acid. With 
glycerol this synthesis is less direct. First, phosphorylation 
occurs to yield L-a-glycerophosphate, and then, through the 
agency of glycerophosphate dehydrogenase, the formation of 
DPNH and dihydroxyacetone phosphate proceed. Thus it 
would seem of interest to effect the intracellular generation of 
DPNH by these two different means and to establish in what 
way the fate of the reductive hydrogen of DPNH is related to 
its origin. 

Accordingly, lactate-2-H* and glycerol-2-H*® have been incu- 
bated with rat liver and kidney slices, and the quantity of radio- 
activity incorporated into the glycogen, fatty acids, and water 
was determined. The ratios of activities found in such products 
can be used to estimate the degree of functional coupling of spe- 
cific dehydrogenase systems of the cell. 

While these investigations were in progress, a report appeared 
in which a similar line of endeavor was pursued (1). Hoberman 
investigated the incorporation of deuterium into the liver glyco- 
gen and body water of fasted rats which had received orally 
DL-2-deuteriolactate, DL-2,3-deuteriomalate, and pDL-2,3-8-deu- 
teriohydroxybutyrate. Of the compounds administered, only 
2-deuteriolactate served as a significant precursor of stably bound 
deuterium in glycogen. In the paper by Hoberman, there will 
also be found a discussion of many of the considerations relating 
to the possible heterogeneity of intracellularly generated phos- 
phopyridine nucleotide pools. 


EXPERIMENTAL 


The rats used in this study were adult males of the Sprague- 
Dawley strain, maintained on Purina chow and weighing approx- 
imately 200 gm. They were killed by fracture of the cervical 
vertebrae and slices were prepared from the livers and kidneys 
as previously described (2). The buffer used was that described 
by Hastings et al. (3) as most favorable for glycogen synthesis. 
Other features of the procedure for the incubations in vitro have 
been described (2). 

Substrates—The glycerol-2-H’, specific activity, 5 mc. per mg.; 
the pi-lactate-2-H’, specific activity, 0.66 mc. per mg. (it will be 


understood that the tritium is carbon-bound in these compounds 
and not oxygen-bound); and the water-H®, specific activity, 5 
me. per ml., were obtained from the New England Nuclear Cor- 
poration. The amount of exchangeable tritium present in aque- 
ous solutions of the substrates was determined from analysis of 
the lyophilisate of an alkaline sample. At the time of use the 
glycerol-2-H*® contained 2.6 per cent exchangeable tritium and 
the lactate-2-H* contained 1.4 per cent exchangeable tritium. 
Corrections for these amounts were applied as dictated. The 
substrate-tritium and lyophilisate-tritium were analyzed by use 
of a liquid scintillation counter utilizing 10 ml. of 1:19:80 water- 
ethanol-toluene solution (400 mg. per 100 ml. 2,5-diphenyloxa- 
zole, 5 mg. per 100 ml. 1 ,4-di[2-(5-phenyloxazoly])] benzene (4)). 

Glycogen—At the end of the incubation period the slices were 
removed, 40 mg. of carrier glycogen added, and the glycogen was 
isolated as described by Stetten and Boxer (5). The ethanolic 
supernatant fluids were saved for isolation of fatty acids. For 
assay of glycogen-tritium an aqueous solution was prepared to 
contain 200 mg. of glycogen per ml. Of this solution 0.1 ml. was 
added to 2.0 ml. of 1 n Hyamine base (6) in methanol, heated 
to effect solution, and then 14 ml. of the toluene solution were 
added. This mixture was then assayed as such in the scintilla- 
tion counter. 

Fatty Acids—The ethanolic supernatants obtained from the 
procedure for glycogen isolation were concentrated to a small 
volume. Foaming of this soap solution was effectively prevented 
by use of Dow-Corning Antifoam AF Emulsion. After reduction 
of the volume the solution was acidified and the fatty acids taken 
up in ligroin. It should be pointed out that this fraction con- 
tains both fatty acids and sterols. An aliquot was evaporated 
to dryness and the residue dissolved in 8.0 ml. of the toluene 
solution for tritium assay. 

Water—The medium remaining after removal of the slices was 
made alkaline and lyophilized. An 0.1-ml. aliquot of the ly- 
ophilisate, after appropriate dilution, was analyzed for tritium 
in the scintillation solvent described in the substrate section. 

All lyophilizations were carried out in a Y-tube apparatus sim- 
ilar to that recorded by Calvin et al. (7). The sample to be 
lyophilized is introduced into one limb of the apparatus and 
frozen in acetone-Dry Ice. While still in the acetone-Dry Ice 
bath the apparatus is evacuated and the stopcock closed. The 
second limb is then transferred to the acetone-Dry Ice bath; the 
first limb is exposed to room temperature. 

Since several different scintillation solutions were used in this 
study, it was necessary to determine their relative efficiencies. 
These quantities were obtained from the counting differences 
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resultant from the addition of 0.05 ml. of a standard tritium- 
containing solution to all samples assayed. 

It will be noted that in the tables, on a percentage basis, rela- 
tively small numbers are recorded, e.g. 0.00006. These numbers 
are known, nevertheless, with considerable accuracy, as the 
samples were assayed at twice background and were counted to 
a probable error of 3 per cent. 


RESULTS AND DISCUSSION 


In Tables I and II are recorded the data obtained when glyc- 
erol-2-H’, lactate-2-H’, and water-H® are incubated with rat 
liver and kidney slices and the amount of tritium incorporated 
into water, fatty acids, and glycogen was determined. It will be 
noted that of the three products studied, water contains prac- 
tically all of the isotope recovered. Significant quantities of iso- 
tope are, nevertheless, found in the fatty acids and glycogen. 
The question naturally arises as to the route of hydrogen trans- 
fer from labeled glycerol and lactate to fatty acids and glycogen. 
One possibility, which had to be considered in the light of the 
large yields recovered in the water fraction, was that the tritium 
was first transferred from substrate to water and secondarily 
from water to product. This possibility can be ruled out, how- 
ever, since the yields obtained when the slices were incubated 
with water-H* are but a small fraction of those obtained when 
the isotope was present in a molecule which donates hydrogen to 
DPN. 

In Table III are presented the calculated ratios of radiochem- 
ical yields of tritium in fatty acids and glycogen to the yield ob- 
tained in H.O for each experiment. Here it will be seen that 
liver slices utilize practically equally the second hydrogen of 
glycerol and of lactate for the synthesis of fatty acids, relative 
to their utilization for water synthesis (Column g). With kidney 
slices, however, a different pattern is to be found. The incor- 
poration of tritium of lactate into fatty acids is 2 to 3 times as 
extensive as that of the tritium of glycerol. This clearly indi- 
cates a difference between liver and kidney in the relative han- 
dling of DPNH molecules generated from glycerol and from 


TABLE I - 
Conversion of glycerol-2-H® and lactate-2-H? to HO, fatty 
acids, and glycogen by liver slices 

Liver slices obtained from normal rats were incubated with 5.0 
ml. of bicarbonate buffer containing 0.2 mg. of glycerol and 1.5 
mg. of d,l-sodium lactate. Each flask contained both substrates, 
glycerol, and sodium lactate; the position of the tritium label is 
indicated below. Each flask contained from 0.5 to 1 me. of H’. 
Radiochemical yields are calculated per the amount of tissue 
present in each flask for the incubation period indicated. 

















|  Radiochemical yield in 
Rat | pe | Incuba- 
No. Substrate Tissue tion | 
| period Water perf Glycogen 
| 
mg. min. % % } % 
N1 | Glycerol-2-H* | 1002 60 | 53 | 0.053 | 0.27 
Ni | Lactate-2-H? | 1000 | 60 | 87 | 0.070 | 0.044 
N2 Glycerol-2-H? | 814 50 50 | 0.071 | 0.48 
N2 | Lactate-2-H* | 814 50 | 38 | 0.042 | 0.010 
N2 | Water-H* | 812 50 | 100 | 0.0005 | 0.0006 
N3 Glycerol-2-H* | 494 45 | 71 | 0.62 1.8 
N3 Lactate-2-H? | 500 45 | 47 | 0.36 | 0.066 
N3 | Water-H? | 495 | 45 | 105 | 0.0013 | 0.0015 
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TaBLeE II 
Conversion of glycerol-2-H* and lactate-2-H® to H,0, 
fatty acids, and glycogen by kidney slices 
See Table I for additional details. 





























| | Radiochemical yield in 
Rat | . Incuba- 
No. | Substrate Tissue tien, 

| — Water Foy Glycogen 

v mg min % % A 
N3 | Glycerol-2-H? | 380 30 | 29 | 0.0083 | 0.019 
N3 | Lactate-2-H? 384 30 | 15 | 0.012 | 0.0033 
N3 | Water-H? 378 | 60 101 | 0.00006! 0 
N4 | Glycerol-2-H? | 271 30 39 | 0.011 | 0.023 
N4 | Lactate-2-H* | 274 | 30 | 33 | 0.022 | 0.0061 
N4 | Water-H? | 27 30 | 98 | 0.00008) 0.0001 

| 
TasB_e III 


Ratios of radiochemical yields 


The radiochemical yields recorded in Tables I and II have been 
divided by the radiochemical yield as H,O for that same experi- 
ment. 





Lactate-2-H? 


Glycerol-2-H* 



































incubations incubations 
Rat = | (b):(e) | (e):(9) 
No. | a Fatty | Ge. Fatty | Gly- | (g) (A) 
« | ach | cogen | coge 
| ce | “GS | SP] | sede | cogs 
Liver 
| | x 107 | x 1078 | x 10-*| x 10-3 
Nl 1.0 1.0 5.1 | 1.0 | 0.87 | 0.51] 1.1 10 
N2 1.0 | 1.4 9.6) 1.0/1.1 | 0.26] 1.3 38 
N3 1.0 | 8.7 | 25.0 Sa ives | te 1.1 18 
1 | j 
Kidney 
| x wt x 10-4 x = X 10-* | afi 
N3 | 1.0 | 2.9 | 6.5; 1.0|8.0 |2.2 | 0.36 | 3.0 
N4 | 1.0 | 2.8 | 5.9] 1.0/6.7 | 1.8 | 0.42 | 3.3 














* Letters in parentheses are column designations. 


lactate, and further suggests that there is in kidney a relatively 
specific utilization for fatty acid synthesis of the DPNH gener- 
ated from lactate. 

The mechanism by which DPNH generated from lactic acid 
participates in glycogen synthesis has recently been studied by 
Hoberman (8). His analysis has revealed the 3-phosphoglycer- 
aldehyde dehydrogenase reaction as being chiefly responsible for 
the incorporation of deuterium into the hexose molecule. Pre- 
sumably a like mechanism is responsible for the incorporation of 
hydrogen from carbon 2 of glycerol into glycogen. 

In the present study it has been found that in both liver and 
kidney the DPNH formed from glycerol is more extensively used 
for glycogen synthesis than that originating from lactate (Col- 
umnh). This suggests that in both these tissues there exists a 
pool of DPNH which is relatively common to both the glycero- 
phosphate dehydrogenase reaction and the 3-phosphoglyceralde- 
hyde dehydrogenase reaction. The coupling of these dehydro- 
genase systems would appear to be more extensive in liver tissue, 
for which values of 10 to 38 were obtained, than in kidney for 
which a value of about 3 was found (Column A). It is of in- 
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terest to note that a physiological coupling of the aforementioned 
dehydrogenases has been frequently discussed (9, 10). Such 
discussions are based on the consideration that in the initiation 
of glycolysis or fermentation dihydroxyacetone phosphate may 
function as a priming reagent for the regeneration of DPN from 
DPNH formed by 3-phosphate glyceraldehyde dehydrogenase, 
since at this early stage appreciable quantities of pyruvic acid 
may not have been formed. 

The present study also bears on the possible occurrence of a 
glycerol 1-phosphate cycle in liver and kidney (11). It would 
be anticipated that such a cycle, serving to transport hydrogen 
from cytoplasmic DPNH to mitochondrial flavoprotein, would 
accomplish the appearance of the second hydrogen of glycerol 
practically exclusively in water and this surely would be a rela- 
tively better precursor of water than the second hydrogen of 
lactate. The fact that the results fail to satisfy this expectation 
suggests that the glycerol 1-phosphate cycle is not as important 
in liver and kidney as in other tissues (11, 12). 

A further point which would seem appropriately discussed here 
concerns the observations that DPNH-cytochrome c reductase 
catalyzes an exchange reaction between the para hydrogens of 
DPNH and water (13, 14). The DPNH thus formed, however, 
does not appear to participate in reductive biosynthesis as evi- 
denced by the low incorporation of water-hydrogen into fatty 
acids and glycogen. And more significantly, the distribution of 
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deuterium in glycogen arising from DO (15) in no way resembles 
that arising from lactate-2-D (8). 


SUMMARY 


A study is presented of the distribution of tritium in water, 
fatty acids, and glycogen after the incubation of rat liver and 
kidney slices with glycerol-2-H®, pt-lactate-2-H’, and water-H?, 
Practically all of the isotope recovered was present in the water 
fraction. Significant quantities of tritium were found in the 
fatty acids and glycogen in patterns which varied both as a fune- 
tion of the substrate labeled and the tissue studied. 

On the basis of the variations in the ratios of radiochemical 
yields in the fatty acids and glycogen the following main con- 
clusions are drawn. 

1. In liver and kidney there is a special coupling of the reduced 
diphosphopyridine nucleotide (DPNH) involved in the glycero- 
phosphate dehydrogenase system and the DPNH participating 
in glycogen synthesis. 
nounced in liver. 

2. In kidney there is a special coupling between the DPNH 
involved in the lactic, dehydrogenase system and the DPNH 
participating in fatty acid synthesis. 


This coupling is considerably more pro- 


The bearing of these experiments on the occurrence of a glye- 
erol 1-phosphate cycle in liver and kidney is discussed. 
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The administration of nicotinamide to the mouse results in an 
8- to 10-fold increase in the diphosphopyridine nucleotide con- 
tent of the liver as previously reported by Kaplan et al. (1-3). 
Corresponding doses of nicotinic acid are far less effective than 
nicotinamide in eliciting a net synthesis of DPN (3). This is in 
contrast to the nicotinic acid specificity which has been observed 
for DPN synthesis in yeast autolysates (4) and human erythro- 
cytes (5). 

The observation that nicotinamide is more effective than 
nicotinic acid as a precursor of DPN in the mouse liver suggested 
that nicotinamide conversion to the coenzyme form in liver might 
proceed through the widely accepted scheme involving nicotina- 
mide mononucleotide as an intermediate (6,7). Inthe meantime, 
Preiss and Handler (4, 8, 9) have shown that the synthesis of 
DPN from nicotinic acid in human erythrocytes and yeast 
autolysates proceeds through nicotinic acid nucleotides as inter- 
mediates. These authors also demonstrated by the use of C™- 
nicotinic acid that the nicotinic acid analogue of DPN was an 
intermediate in the synthesis in vive of DPN from nicotinic acid 
in rat liver (9). In our laboratory, the nicotinic acid analogue 
of DPN was isolated from the livers of mice given injections of 
nicotinamide (10). 

The present paper describes the study of the synthesis in vivo 
of DPN in mouse liver after injection of various precursors. 
Evidence is presented that the nicotinic acid analogue of DPN 
is a precursor of DPN even when the synthesis of DPN is elicited 
by the injection of nicotinamide. The fact that injected nico- 
tinic acid does not cause as large a DPN increase as injected 
nicotinamide may possibly be explained in terms of substrate 
inhibition. 


EXPERIMENTAL 


Nicotinamide-7-C" was purchased from New England Nuclear 
Corporation. Other pyridine compounds were used as described 
previously (3). The nicotinci acid analogue of DPN was pre- 
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pared according to the method of Lamborg et al. (11). Dowex 
1-chloride, 10X, 200 to 400 mesh, was washed 5 times with 3 n 
HC] and the acid removed by washing with distilled water. The 
sources of other materials were: cyanogen bromide and mono- 
methyl p-aminophenol sulfate (Elon), Eastman Kodak; tri- 
ethanolamine, Fisher Chemical Company (redistilled under ni- 
trogen at 20 to 30 mm. before use); DPN and TPN, Pabst 
Laboratories, Inc.; Neurospora DPNase! (12); yeast alcohol 
dehydrogenase, Worthington Biochemical Corporation; pig heart 
TPN isocitric dehydrogenase (13). Azaserine was generously 
supplied by Parke, Davis and Company. The nicotinic acid- 
requiring mutant of Neurospora crassa, strain 5269M, was from 
a culture provided by Dr. W. D. McElroy. The mice, BALB/ 
cANxDBA/2J F; hybrid males, were handled as in earlier exper- 
iments (2). All injections were given intraperitoneally, unless 
otherwise indicated. Liver extracts were prepared by homog- 
enizing the tissue in 5 volumes of 5 per cent trichloroacetic acid. 
DPN was measured by the yeast alcohol dehydrogenase reaction 
(14). Spectra of cyanide addition products of pyridine nucleo- 
tides were obtained under the conditions described by Colowick 
et al. (15). Trichloroacetic acid extracts were fractionated with 
acetone as described previously (16). Addition of 5 volumes of 
cold (—20°) acetone to the ice cold extracts gave a precipitate 
containing nucleoside di- and triphosphates, dinucleotides, and 
glycogen. Precipitation was allowed to take place overnight at 
—20°. The precipitate was washed once with acetone and once 
with ether, air dried in the cold, and dissolved in water (1 ml. 
per gm. of original tissue). Insoluble material was removed by 
low speed centrifugation before electrophoresis. Cyanogen 
bromide assays for nicotinic acid were carried out with the 
modification of Friedman and Frazer (17) in a final volume of 3 
or 5 ml. Pyridine nucleotides were heated at 100° for 90 min- 
utes in 2 N H.SO, to convert the pyridine component to free 
nicotinic acid for this assay. Pabst DPN was used as a standard 
when pyridine nucleotide nicotinic acid was measured. Paper 
electrophoresis was carried out in a hanging strip cell (18) on 
Whatman No. 31 double thickness paper at 5°. Buffers em- 
ployed were 0.02 m citrate, pH 3.5; 0.05 m acetate, pH 5.4; 0.02 
mM phosphate, pH 7.5; and 0.02 m triethanolamine, pH 7.5. Ad- 
dition of ethylenediaminetetraacetate at a concentration of 0.002 
M improved definition of the spots. A run of 24 to 3 hours under 
a potential drop of 12 volts per cm. at pH 7.5 was sufficient to 
completely separate DPN, the nicotinic acid analogue of DPN, 


1 The abbreviation used is: DPNase, diphosphopyridine nucleo- 
tidase. 
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and TPN. Separation of these compounds in acetone precipi- 
tates was routinely carried out with the triethanolamine buffer 
with ethylenediaminetetraacetate added. Paper chromatograms 
were developed by the ascending technique at room temperature. 
The cyanogen bromide test was carried out on paper according to 
Reddi and Kodicek (19). Fluorescent cyanide addition products 
of pyridine nucleotides were formed on paper by streaking with a 
saturated solution of KCN in methanol (20, 11) (the reaction of 
quaternary pyridine compounds with cyanide has been shown 
to take place more readily in methanolic than in aqueous solution 
(21, 11)), and viewed under a model XX15 Blak-Ray long wave 
ultraviolet lamp (Ultraviolet Products, Inc., San Gabriel, Calif.). 
Ultraviolet quenching spots were visualized with a Mineralight, 
model S-2537. Spectral measurements were made with a Beck- 
man DU or a Zeiss PMQ II spectrophotometer. Radioactivity 
was determined in a proportional gas flow counter after plating 
samples on aluminum planchets. Radioactive spots on paper 
were located with a rate meter and scanning apparatus manu- 
factured by Baird-Atomic, Inc. 

For the estimation of the nicotinic acid analogue content of 
liver, the analogue in a sample of the acetone precipitate equiv- 
alent to 0.05 gm. of tissue was separated from DPN and TPN 


TaBLe I 
Electrophoretic migration of isolated compound 
Paper electrophoresis was carried out at 5° with a potential 
drop of 10 to 12 volts per cm. for 14 to 3 hours. The buffers 
employed were phosphate at pH 7.5, acetate at pH 5.4, and citrate 
at pH 3.5. The compounds were located by streaking the paper 




















with methanolic cyanide and observing fluorescence. All com- 
pounds migrated towards the anode. 
Migration 
Compound 
pH 7.5 pH 5.4 pH 3.5 
} ~ cm. | cm ng 
Oy poe ere = + SS it 2 
Nicotinic acid analogue | 
OE TIT 5 vo vc ccvo ewe eee 5.1 5.8 6.7 
Isolated compound....... 5.1 | 5.6 6.5 
MME Siac ltasaumercrtcded i | 5.7 
TaBLe II 


Identification of nicotinic acid in hydrolysates of 
isolated compound 
The compounds hydrolyzed were heated at 100° in 0.1 m phos- 
phate buffer, pH 8.0, for 30 minutes (22). Chromatography was 
carried out for 16 hours on Whatman No. 3 MM paper with n- 
butanol-water (86:14) as the developing solvent. 











| Rr of spots located 
Compound Hydrolysis with cyanogen 
bromide 

Nicotinic acid................... - | 0.10 
Nicotinic acid................... + | 0.12 
Nicotinic acid analogue of DPN.. a | 0.12 
Isolated material............... _ 0 
Isolated material............... + 0.12 
Nicotinamide.................... - 0.58 
Nicotinamide................... + (0.11)* 0.57 
ag AP Us ec elie Sha a era + (0.12)* 0.57 





* Rr values in parentheses denote trace spots. 
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by paper electrophoresis at pH 7.5, eluted with 0.01 n HCl, and 
determined as nicotinic acid with cyanogen bromide. The 
analogue was located for elution by the position of ultraviolet- 
quenching material in the acetone precipitates which migrated 
with it, or by streaking an adjacent electrophoretic pattern with 
methanolic cyanide. For eluting material from paper, the use 
of a syringe barrel attached to a needle (26 gauge) pinned through 
one corner of the paper spot to supply the eluent was found 
to be convenient. Nicotinic acid analogue standards carried 
through the procedures of electrophoresis and elution were re- 
covered 90 to 100 per cent. 

The utility of this method is limited by considerable variations 
in the recovery of nucleotides in the acetone precipitates. Re- 
coveries of nicotinic acid analogue added to trichloroacetic acid 
extracts ranged from 60 to 80 per cent. The values reported 
are not corrected for losses in this step. At least 5 ml. of tri- 
chloroacetic acid extract must be used in the acetone precipita- 
tion in order to obtain reasonably reproducible recoveries. 


RESULTS 
Isolation and Identification of Nicotinic Acid Analogue of DPN 


Fractionation of Liver Nucleotides—A search for possible pre- 
cursors of DPN in the livers of animals given injections of C™- 
labeled nicotinamide was made by converting the nicotinamide 
of DPN and TPN to the free base by treatment with Neurospora 
DPNase and examining the remaining nucleotides for radioactive 
compounds. 

Four mice were given injections of 500 mg. per kg. of nico- 
tinamide-7-C™, approximately 8 xX 10° ¢.p.m. per animal, and 
killed 30 minutes later. The livers were homogenized in tri- 
chloroacetic acid and the extract fractionated with acetone. The 
acetone precipitate, dissolved in water, was adjusted to pH 7 
with NH,OH and treated for 14 hours at room temperature with 
approximately 500 units (15) of Neurospora DPNase. No DPN 
could be detected by the yeast aleohol dehydrogenase assay after 
this time. The incubation mixture was put on a 1 X 3 em. 
column of Dowex 1-chloride, and optical density at 260 my and 
radioactivity were measured in the effluent fractions. Nico- 
tinamide liberated by the DPNase was removed by eluting with 
water until no radioactivity could be detected. Elution with 
0.003 n HCl removed small amounts of ultraviolet-absorbing 
material, but no significant radioactivity. 0.01 n HCl-0.02 n 
NaCl eluted a large ultraviolet-absorbing peak, the first few 
fractions of which were radioactive. The radioactive fractions 
were pooled, neutralized, concentrated under reduced pressure, 
and subjected to paper electrophoresis at pH 7.5. The radio- 
activity migrated as a single spot together with ultraviolet- 
quenching material with a mobility intermediate between that 
of DPN and TPN markers. Treatment of the paper with 
methanolic potassium cyanide caused the development of a blue 
fluorescent spot coincident with the radioactivity. The forma- 
tion of a fluorescent cyanide addition product is characteristic 
of pyridine nucleotides (15, 20) and many 3-substituted quater- 
nary pyridine derivatives. 

By following the above procedure, material for subsequent 
tests was obtained from batches of 30 to 100 mice given injec- 
tions of unlabeled nicotinamide. The compound was consistently 
found in the early fractions eluted with 0.01 n HCI-0.02 n NaCl. 
These fractions also contained large amounts of adenosine di- 
phosphate ribose (the product of the action of Neurospora 
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DPNase on DPN) and ADP. Elution with 0.006 n HCl instead 
of 0.01 n HCI-0.02 n NaCl gave preparations which were almost 
free from contaminating nucleotides. A larger yield was ob- 
tained when the animals were killed 4 to 5 hours after the in- 
jection of nicotinamide. 

Identification of Compound—The spectral characteristics of the 
compound, both in the presence and absence of cyanide, were 
identical with those of synthetic nicotinic acid analogue of DPN 
(11). The electrophoretic mobility (Table I) and the results of 
analyses for pentose, adenine, ribose, phosphate, and nicotinic 
acid (Table II) were also identical. Table III shows the re- 
sults of chromatographic analysis for nicotinic acid and nico- 
tinamide after hydrolysis. It is clear that the compound gives 
nicotinic acid. The enzymatic and microbiological activities of 
the compound, summarized in Table IV, were also identical with 
those of the nicotinic acid analogue of DPN. Taken together, 
the results leave no doubt that the compound isolated from 
mouse liver after nicotinamide administration is, in fact, the 
nicotinic acid analogue of DPN, the same substance that Preiss 
and Handler (9) isolated from rat liver after administration in 
vivo of nicotinic acid. 


Formation of Nicotinic Acid Analogue 
of DPN from Nicotinamide 

In view of the finding of Preiss and Handler (4, 8, 9) that the 
nicotinic acid analogue of DPN is an intermediate in the con- 
version of nicotinic acid to DPN, experiments designed to eval- 
uate the significance of the occurrence of the nicotinic acid 
analogue in mice given injections of nicotinamide were carried 
out. The remainder of this paper is devoted to these experi- 
ments. 

Time Course—The change with time of the concentration of 
DPN and the nicotinic acid analogue of DPN in the liver after 
the administration of nicotinamide is shown in Fig. 1. The 
value shown at zero time was obtained from normal animals. 
This level, 15 to 25 ug. per gm. of liver, is at the lower limit of 
the assay method and may represent small amounts of non- 
specific color formed in the cyanogen bromide assay, but traces 
of a compound with the properties of the analogue have been 
found in preparations from large amounts of normal mouse liver. 

The highest level of the nicotinic acid analogue occurs 4 to 9 
hours after the injection of nicotinamide, and reaches a level of 
about 10 per cent of the maximal DPN content. The rate of 
increase of DPN synthesis is nearly linear up to this time. After 
DPN synthesis ceases at about 12 hours, the analogue concen- 
tration falls to low levels. The 16- and 18-hour values are 
lower than that found 4 hour after the injection of nicotinamide. 
The fact that appreciable amounts of the nicotinic acid analogue 
are found only during the time when DPN is being synthesized 
suggests that it is an intermediate in the synthesis, and appears 
to rule out the possibility that it is a degradation product formed 
as a result of the high concentrations of DPN. 

Incorporation of Nicotinamide-C'\—Three mice were given 
injections of 100 mg. per kg. of nicotinamide-7-C™, approxi- 
mately 1.2 X 10° c¢.p.m. per animal, and killed 45 minutes later. 
The livers were homogenized in trichloroacetic acid and the 
extracts fractionated with acetone. A solution (0.5 ml.) of the 
acetone precipitate applied in a band across a 28-cm. wide strip 
of paper was subjected to paper electrophoresis at pH 7.5, and 
DPN and the nicotinic acid analogue were eluted from the paper. 
Radioactivity and nicotinic acid in the eluates were measured. 
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Tasie III 
Analysis of isolated compound 


Nicotinic acid was determined by the cyanogen bromide assay, 
ribose with orcinol (23), and organic phosphate by the method of 
Fiske and SubbaRow (24). Adenine was determined colori- 
metrically by the method of Woodhouse (25). Pabst DPN was 
used as a standard in the adenine, ribose, and nicotinic acid 
assays. 








Component | Nicotinic acid 
moles/mole 
Nicotinic acid....... 1 
ins wes vii | 2.15 
_, SEES earn Renee 2.14 
Adenine (colorimetric)... .. oe 1.07 
Adenine (by absorption at 260 my).... 1.24 





Tasie [V 
Enzymatic and microbiological activity of isolated compound 
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Fic. 1. Formation of the nicotinic acid analogue of DPN (@) 
and DPN (0) in mouse liver after the injection of nicotinamide. 

The values were determined on pooled extracts from groups of 
three animals injected with 500 mg. per kg. nicotinamide and 
killed at the times indicated. Note the expanded scale for the 
nicotinic acid analogue. 
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TABLE V 
Effect of azaserine on pyridine nucleotide synthesis 


The values were determined on pooled extracts from groups of 
two animals killed 6 hours after the injections shown. Azaserine 
was injected subcutaneously 15 minutes before nicotinamide. 











Dose +: ss . 
DPN a; | a 
Azaserine Nicotinamide 

mg./kg. mg./kg. pg./gm. liver ug./gm. liver 
0 0 452 23 
0 500 2850 310 
50 500 2420 246 
100 500 1150 169 
200 500 690 412 
200 0 177 19 














The specific activities, in c.p.m. per umole, were: DPN, 13,600, 
and the nicotinic acid analogue of DPN, 26,600. The higher 
specific activity of the analogue is compatible with the interpre- 
tation that it is a precursor rather than a breakdown product of 
the DPN. 

Effect of Azaserine—Preiss and Handler (4) have reported that 
the enzyme which catalyzes the amidation of the nicotinic acid 
analogue of DPN to form DPN, DPN synthetase, is inhibited 
by azaserine. The effect of azaserine on the synthesis of DPN 
by the mouse is shown in Table V. Increasing doses of azaserine 
cause a progressively increasing inhibition of the synthesis of 
DPN in nicotinamide-injected animals. At the highest dose 
employed the inhibition was almost complete. The accumula- 
tion of the nicotinic acid analogue of DPN is not comparable to 
the amount of DPN formed in the absence of azaserine. How- 
ever, this was the only condition (200 mg. per kg. of azaserine 
plus 500 mg. per kg. of nicotinamide) under which an accumula- 
tion of the analogue was not associated with a rapid synthesis of 
DPN. The failure of larger amounts of the analogue to ac- 
cumulate may be due to an inhibition of purine nucleotide syn- 
thesis by azaserine (26, 27). The increase in the DPN content 
of mouse liver has been shown to be accompanied by an equiv- 
alent increase in the total acid-soluble adenine of the liver (2, 28) 
and an increased incorporation of radioactive glycine into 
adenine (28, 29), indicating that the adenine of the newly formed 
DPN is supplied by synthesis de novo. No accumulation of 
pyridine mononucleotides or other previously undetected pyridine 


TaBLe VI 
Pyridine nucleotide synthesis after administration 
of various pyridine compounds 
The values were determined on pooled extracts from groups of 
three animals killed 4 hours after injection of the compounds 
shown at doses equimolar with 500 mg. per kg. of nicotinamide. 





Nicotinic acid 


Compound injected analogue of DPN 


DPN 





ug./gm. liver ug./gm. liver 








Bs en We ea ameeences ees 22 470 
Nicotinamide................. 200 2060 
Nicotinic acid................ 41 850 
Pyridine-3-aldehyde.......... 35 756 
Pyridine-3-carbinol........... 29 796 
PED. sos ven sVisecewuwes 151 1690 
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compounds has been found to occur in animals given injections 
of azaserine and nicotinamide. 

A striking effect of azaserine on liver DPN levels in normal 
mice was observed in connection with these experiments. A 
dose of 200 mg. per kg. of azaserine produced a 60 per cent de- 
crease in liver DPN in 6 hours. It is apparent that the injection 
of nicotinamide prevents the marked decline in DPN produced 
by this dose of azaserine. Further studies on the effect of 
azaserine on pyridine nucleotide levels are presently being car- 
ried out. 


Formation of Nicotinic Acid Analogue of DPN from 
Nicotinic Acid and Other Pyridine Compounds 


In a previous paper, Kaplan et al. (3) reported on the effec. 
tiveness of a number of pyridine compounds as precursors of 
DPN in the mouse. Nicotinic acid was found to be a relatively 
poor precursor of DPN. In general, the effectiveness of various 
pyridine compounds as precursors of DPN was not readily pre- 
dictable from their structures. 

In Table VI, the effectiveness of a series of pyridine com- 
pounds closely related to nicotinamide as precursors of the 
nicotinic acid analogue of DPN is compared. Surprisingly, a 
dose of 500 mg. per kg. of nicotinic acid resulted in very little 
accumulation of the nicotinic acid analogue of DPN. Pyridine- 
3-aldehyde and pyridine-3-carbinol acted similarly, while the 
corresponding methyl derivative of pyridine, B-picoline, produced 
an accumulation of the nicotinic acid analogue of DPN nearly 
equal to that obtained from nicotinamide. The highest rates of 
DPN synthesis are also obtained from nicotinamide and £- 
picoline. It can be seen that, regardless of the precursor, high 
levels of the nicotinic acid analogue of DPN are associated with 
a rapid rate of DPN synthesis, and low levels with a much 
slower synthesis. 

The impermeability of liver cells to the nicotinic acid anion 
may be the explanation for the unexpected finding that nico- 
tinic acid is a relatively poor precursor of the nicotinic acid 
analogue of DPN. This possibility was tested by measuring free 
nicotinamide and nicotinic acid concentrations in blood and liver 
extracts after the injection of these compounds, and comparing 
the calculated intracellular concentrations? with the levels of 
DPN and nicotinic acid analogue formed. The liver cells were 
found to be somewhat less permeable to nicotinic acid than to 
nicotinamide (Table VII). However, when the intracellular con- 
centration of nicotinamide was lowered by reducing the dose, 
the synthesis of DPN and the nicotinic acid analogue of DPN 
was greater from nicotinamide than from the higher concentra- 
tion of nicotinic acid. The large differences between the intra- 
cellular levels and between the amounts of DPN and nicotinic 
acid analogue synthesized appear to rule out permeability as an 
important factor in the relative efficiency of nicotinamide and 
nicotinic acid as precursors of pyridine nucleotides. 

Inhibition by Nicotinic Acid—A previous report (3) described 

2 In calculating the intracellular concentrations, a value of 30 
per cent for the extracellular space of the liver was used. The 
extracellular space of rat liver determined with inulin on nephree- 
tomized rats has been reported as 13.2 per cent (30). The value 
of 30 per cent was selected in order to minimize the chances of 


underestimation of this factor. The calculations were made with 
the use of the following formula: 


{(umoles/gm. whole liver — 0.3 X ywmoles/ml. blood) /(0.7)] 
= umoles/gm. liver cells 
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the inhibitory action of nicotinic acid on the synthesis of DPN in 
nicotinamide-injected mice. Table VIII shows that nicotinic 
acid produces a similar inhibition of the synthesis of the nicotinic 
acid analogue of DPN. Nicotinic acid also inhibits the syn- 
thesis of both the nicotinic acid analogue and DPN in animals 
given injections of B-picoline. From the fact that the inhibition 
of the synthesis of the nicotinic acid analogue of DPN is ac- 
companied by such a large inhibition of DPN synthesis, it would 
appear that the nicotinic acid analogue is a precursor of the DPN 
synthesized from these compounds. 

"As was found to be the case with azaserine, there was no ac- 
cumulation of any previously undetected intermediates when 
synthesis was inhibited with nicotinic acid. 

An inhibition of DPN synthesis in nicotinamide-injected mice 
by pyridine-3-aldehyde and pyridine-3-carbinol was also ob- 
served in a previous study of this system (3). The problem of 
the mechanism of this inhibition is somewhat simplified by the 
results presented in Table IX. Pyridine-3-aldehyde and pyri- 
dine-3-carbinol were found to be rapidly converted to nicotinic 
acid by the mouse. Injections of equimolar doses of the aldehyde 
and the carbinol gave rise to liver nicotinic acid concentrations 
almost as high as those produced by nicotinic acid itself. Nico- 
tinamide and 6-picoline, however, produced only traces of nico- 
tinic acid in the liver. 

Effect of Low Doses of Nicotinic Acid and Nicotinamide—The 
observation that nicotinic acid inhibits the synthesis of DPN 
and the nicotinic acid analogue of DPN from nicotinamide and 
B-picoline suggested that a substrate inhibition phenomenon 
might be responsible for the low synthesis of pyridine nucleotides 
observed from nicotinic acid. In Fig. 2, the synthesis of DPN 
and the nicotinic acid analogue from doses of nicotinic acid and 


TaBLe VII 

Intracellular nicotinamide and nicotinic acid concentrations 

and pyridine nucleotide synthesis 

Free nicotinamide and nicotinic acid were determined with 
cyanogen bromide on trichloroacetic acid extracts of liver and 
blood from groups of two animals and intracellular concentrations 
calculated using a value of 30 per cent for the extracellular space 
of the liver.* Blood samples were taken from the tail imme- 
diately before killing. 

Chromatography of the extracts in the system described in 
Table II showed only traces of cyanogen bromide reacting ma- 
terial other than the compound injected. The amount of nicotin- 
amide (which gives about 75 per cent as much color as nicotinic 
acid in the cyanogen bromide assay) or nicotinic acid in the ex- 
tracts was therefore calculated using a standard of the injected 
compound. 




















| ES. a® et Nicotinic 
Compound injected | Dose | Time ee Nicotinic DPN | ektie 
| | | of DPN 
= | = 
| umoles/ | pmoles/ | pmoles / | | F 
. 5 | . | ./gm. | 5 . 
| mg./kg. | hr. | whole whole | | (tiver e iy 
| | | liver | blood cells | 
Nicotinamide... 500 | 1 | 3.14 | 2.93 | 3.23 | 1120 | 152 
100 | 1 | 0.53 | 0.58 | 0.51) 940 | 101 
Nieotinie acid..| 500 | 1 | 2.36 | 3.22 | 2.00| 677) 44 
Nicotinamide...| 500 | 2 | 2.06 | 2.59 | 1.83 | 1840 | 
| 100 | 2 | 0.32 | 0.29 | 0.33 | 1370 | 
Nicotinic acid..| 500 | 2 | 0.84 | | 730) 


1.60 0.51 


* See footnote 2 in text. 
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TasBLe VIII 
Inhibition of pyridine nucleotide synthesis by nicotinic acid 
The values were determined on pooled extracts from groups of 
three animals killed 4 hours after injection of the compounds 
shown. Nicotinic acid was injected 10 minutes before nicotin- 
amide or 8-picoline. The dose of 382 mg. per kg. of 8-picoline is 


equimolar with a dose of 500 mg. per kg. of nicotinamide or 
nicotinic acid. 





Nicotinic acid 














Compound(s) injected | Dose analogue of DPN DPN 
mg./kg. ug./gm. liver poy liver 
I i Biase wks 9 once ee 17 494 
Nicotinamide... ......... 500 163 2160 
Nicotinamide........... 1000 131 2120 
Nicotinic acid............| 500 29 815 
Nicotinamide plus... .. 500 
Nicotinic acid............ 500 ” sans 
Se 382 129 1710 
8-Picoline plus........... 382. | - 
Nicotinic acid............| 500 ad we 
TaBLe IX 


Nicotinic acid in liver after administration of 
various pyridine compounds 

Animals were killed 1 hour after the injection of a dose of the 
compounds indicated equimolar with 500 mg. per kg. of nicotina- 
mide. Liver extracts were neutralized and chromatographed in 
the system described in Table II. (Rp’s: nicotinie acid 0.11, 
nicotinamide 0.58, pyridine-3-aldehyde 0.84, pyridine-3-carbinol 
0.82. 8-Picoline markers could not be detected by quenching or 
cyanogen bromide, apparently due to volatilization from the 
chromatogram during drying.) The nicotinic acid spots, located 
by ultraviolet quenching and by treating adjacent samples with 
cyanogen bromide, were eluted and nicotinic acid determined 
with cyanogen bromide. The amount of nicotinic acid in the 
liver extracts from the nicotinamide- and §-picoline-injected 
animals was too low to measure, but a trace of nicotinic acid 
could be observed on the chromatograms treated with cyanogen 
bromide. 


Compound injected | Free nicotinic acid 





pmoles/gm. liver 
Nicotinamide....... 


trace 
Nicotinic acid ve 2.24 
Pyridine-3-aldehyde 1.96 
Pyridine-3-carbinol. . 2.08 
8-Picoline........ trace 





nicotinamide ranging from 500 to 12.5 mg. per kg. isshown. The 
synthesis of DPN and the nicotinic acid analogue of DPN shows 
a sharp optimum at a dose of 50 mg. per kg. of nicotinic acid. 
The amount of DPN formed from this dose of nicotinic acid 
approaches that obtained from 500 mg. per kg. of nicotinamide, 
and is substantially higher than the amount produced by an 
equivalent dose of nicotinamide. At doses lower than 50 mg. 
per kg., nicotinic acid also produces a greater synthesis of DPN 
than nicotinamide. At doses of 100 and 500 mg. per kg. the 
relative effectiveness of these two compounds is reversed, and is 
similar to that shown in Tables VI and VIII. The accumulation 
of the nicotinic acid analogue of DPN in the nicotinic acid- 
injected animals occurs only at a dose of 50 mg. per kg., the 
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Fia. 2. Effect of dose of nicotinamide and nicotinic acid on the synthesis of DPN (a) and the nicotinic acid analogue of DPN (6) 
The values were determined on pooled extracts from groups of two animals killed 1 hour after the injection of the doses of nicotin- 


amide (curves 1) and nicotinic acid (curves 2) indicated. 


TABLE X 


Effect of increasing doses of nicotinamide on inhibition of 
pyridine nucleotide synthesis by nicotinic acid 


The values were determined on pooled extracts from groups of 








two animals killed 1 hour after injection of nicotinamide. Nico- 
tinic acid was injected 10 minutes before nicotinamide. 
Nicotinic acid dose 
| 
Nicotinamide dose 0 250 mg./kg. 9 | 250 mg./kg. 














DPN Nicotinic a ae of 
mg./kg. ug./gm. liver | ug./gm. liver | pg./gm. liver | ug./gm. liver 
0 502 | 625 25 42 
250 988 670 147 41 
500 1030 727 208 32 
1000 | 1010 816 198 | 2 
2000 | 983 816 180 | 26 








maximal dose for DPN synthesis, while in animals given injec- 
tions of nicotinamide, accumulation occurs only at doses of 100 
mg. per kg., or above. 

Competitive Effect of Nicotinamide on Nicotinic Acid Inhibi- 
tion—Further information concerning the nicotinic acid inhibi- 
tion was sought by determining whether a competitive relation- 
ship between nicotinamide and nicotinic acid existed. With a 
constant inhibitory dose of nicotinic acid, the dose of nicotina- 
mide was varied from zero to 8 times the nicotinic acid dose, and 
liver DPN and nicotinic acid analogue concentrations were 
measured 1 hour later. Large doses of nicotinamide were found 
to partially reverse the inhibition of DPN synthesis produced by 
nicotinic acid (Table X). This experiment has been repeated 
several times. The reversal of the inhibition of DPN synthesis 
is not accompanied by a restoration of the synthesis of the nico- 
tinic acid analogue of DPN. The latter observation would seem 
to imply that high concentrations of nicotinamide act through 
some other pathway not involving the nicotinic acid analogue of 
DPN. Nevertheless the reversal appears to be the result of an 
effect related to the nicotinic acid inhibition, since no increased 


synthesis of DPN is obtained when the dose of nicotinamide is 
increased over the range employed here in animals given injec- 
tions of nicotinamide only. 


DISCUSSION 


The agreement of the properties of the nicotinic acid adenine 
dinucleotide isolated from mouse liver after the administration 
of nicotinamide with those of the nicotinic acid analogue of DPN 
prepared by Lamborg et al. (11) appears to establish the identity 
of the isolated compound. It appears certain that the nicotinic 
acid analogue is not formed as a result of DPN degradation, 
either in the liver or during isolation, since it has a higher specific 
activity than DPN shortly after the injection of radioactive 
nicotinamide, and it is not found in appreciable amounts during 
the period of abnormally high, but falling, DPN levels which 
occur 16 to 24 hours after the injection of nicotinamide. The 
gradual increase in the concentration of the nicotinic acid ana- 
logue during the nearly linear synthesis of DPN which occurs in 
the earlier phase of the time curve suggests that the analogue is 
an intermediate in the synthesis, and that the accumulation is a 
result of a limited capacity of the liver to convert it to DPN. 

The importance of the role of nicotinic acid analogue as 4 
precursor of DPN is of interest in view of the proposal by Korn- 
berg (6) and Rowen and Kornberg (7) concerning the role of 
nicotinamide mononucleotide in DPN synthesis. 
observation in the experiments in which the dose or the com- 
pound administered was varied, that rapid rates of DPN syn- 
thesis are associated with an accumulation of the nicotinic acid 
analogue, strongly suggests that the nicotinic acid analogue of 
DPN is an intermediate in the synthesis of DPN from both 
nicotinic acid and nicotinamide, as well as from the other pyri- 
dine compounds studied here. The large inhibition of DPN 
synthesis which accompanies the inhibition of analogue synthesis 
by nicotinic acid in mice given injections of nicotinamide and 
8-picoline is further evidence that the nicotinic acid analogue is 
a precursor of the DPN synthesized from these compounds. 
However, a simultaneous inhibition of two separate reactions by 
nicotinic acid cannot be ruled out as an explanation for this 
observation. 
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The surprising inability of large doses of nicotinic acid to 
stimulate the formation of the nicotinic acid analogue of DPN 
can be understood on the basis of the substrate inhibition phe- 
nomenon observed in the synthesis of the analogue from this 
compound. The facts that the synthesis of DPN from nicotinic 
acid also shows this phenomenon, and that the optimal dose for 
the synthesis of the analogue and DPN is the same, give addi- 
tional support to the interpretation that the nicotinic acid ana- 
jogue is an intermediate in the synthesis of DPN. This inhibi- 
tion is also undoubtedly the reason for the low synthesis observed 
with pyridine-3-aldehyde and pyridine-3-carbinol, since these com- 
pounds have been found to be rapidly oxidized to nicotinic acid 
in the mouse. 

The effectiveness of large doses of nicotinamide in stimulating 
the synthesis of the nicotinic acid analogue and DPN may be due 
to the fact that the nicotinamide is hydrolyzed to nicotinic acid 
at a rate which maintains the concentration of nicotinic acid at 
near optimal levels for synthesis. However, on this basis the 
competitive action of nicotinamide on the inhibition produced 
by nicotinic acid is not understandable. We should like to 
emphasize that although the nicotinic acid analogue of DPN does 
appear to be an intermediate in the formation of DPN from 
nicotinamide, there is no information available at present to 
imply that the nicotinamide is converted to nicotinic acid at the 
free base level. Hence, the possibility still exists that nico- 
tinamide may proceed to the nicotinic acid analogue of DPN 
through other steps than those described by Preiss and Handler 
for the conversion of nicotinic acid to the nicotinic acid dinucleo- 
tide. It is possible that the deamidation of the nicotinamide 
may occur at a nucleoside or nucleotide level, and that it is this 
deamidation reaction which is inhibited by nicotinic acid. We 
hope that further studies of the nicotinic acid inhibition will aid 
in elucidating the early steps of DPN synthesis in liver. 

Since the present studies indicate that DPN synthesis from 
nicotinamide as well as nicotinic acid proceeds via the nicotinic 
acid analogue of DPN, the role of the nucleus in the synthesis 
of DPN (31) may be limited to the formation of the nicotinic 
acid analogue of DPN. Preiss and Handler (4) have reported 
that the enzyme which condenses nicotinic acid mononucleotide 
with ATP to form the nicotinic acid analogue of DPN is localized 
in the nuclear fraction of rat liver homogenates, whereas only 
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the supernatant fraction is active in the amidation of the nico- 
tinic acid analogue to DPN. The biological distribution of this 
pathway is apparently widespread, as indicated by the studies of 
Preiss and Handler (4, 5, 8, 9) on human erythrocytes, yeast 
autolysates, and rat liver, and by the isolation of the nicotinic 
acid analogue of DPN from the mold Penicillium chrysogenum 
(32). 


SUMMARY 


1. A pyridine nucleotide isolated from the livers of mice given 
injections of nicotinamide has been identified as the nicotinic 
acid analogue of diphosphopyridine nucleotide (DPN). 

2. Evidence is presented that this nicotinic acid analogue of 
DPN is an intermediate in the synthesis of DPN from both 
nicotinamide and nicotinic acid as well as from other pyridine 
compounds. This evidence rests on a study of (a) the time 
course of formation of both DPN and the nicotinic acid analogue 
of DPN after injection of nicotinamide, (b) the rate of labeling of 
the nicotinic acid analogue of DPN after injection of radioactive 
nicotinamide, and (c) the formation of the nicotinic acid analogue 
of DPN after administration of graded amounts and different 
types of pyridine compounds. 

3. Azaserine was found to inhibit the synthesis of diphospho- 
pyridine nucleotide from nicotinamide, and to allow some ac- 
cumulation of the nicotinic acid analogue in the absence of any 
appreciable synthesis of diphosphopyridine nucleotide. Aza- 
serine also caused a marked decline in liver diphosphopyridine 
nucleotide levels in normal mice. 

4. A substrate inhibition phenomenon was found with nicotinic 
acid in the synthesis of diphosphopyridine nucleotide and its 
nicotinic acid analogue. Large doses of nicotinic acid were also 
found to inhibit the synthesis of the nicotinic acid analogue from 
nicotinamide and £-picoline. 

5. Pyridine-3-aldehyde and pyridine-3-carbinol were found to 
be rapidly oxidized to nicotinic acid by the mouse. 
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Coenzyme Q is the term applied to a new class of homologous 
quinones found in nature. (1) Structural studies by Dr. K. 
Folkers and his associates at Merck Sharp and Dohme Research 
Laboratories as well as in our laboratory have led to the charac- 
terization of these compounds as derivatives of 2 ,3-dimethoxy- 
5-methyl-benzoquinone, substituted at position 6 with a poly- 
jsoprenoid side chain (1-4). Thus far, five such naturally 
occurring homologues, containing from 6 to 10 side chain iso- 
prenoid units, have been recognized, and these have been desig- 
nated coenzyme Q,, coenzyme Q;, and so forth. R.A. Morton 
and associates at Liverpool in collaboration with workers at Hoff- 
man-LaRoche, Basel, have arrived at the same structure and 
have chosen the term ubiquinone for this group of compounds 
(5, 6). 

When the function of coenzyme Q in electron transport and 
its presence in mitochondria were first recognized (7), we initiated 
a survey of many animals, plants, and microorganisms for the 
presence of the coenzyme. Indeed, it was in the course of this 
survey that we became aware of the fact that coenzyme Q is not 
a single compound but rather a group of closely related homo- 
logues. In addition, the occurrence of some other quinones of 
biochemical interest was investigated. The purpose of this paper 
is to describe the results of this survey. 


EXPERIMENTAL 


The methods employed in these studies were designed to 
detect the occurrence of coenzyme Q in a number of tissues and, 
secondarily, to estimate how much of the coenzyme was present. 
A number of criteria were applied to establish the existence of 
coenzyme Q in extracts of a given tissue: absorption spectrum 
(oxidized and reduced), solubility, paper chromatography, 
ability to reactivate a coenzyme Q-depleted succinic oxidase 
system, color reaction in a modified! Craven’s test (8), and the 
isolation of the pure compound. As many of these criteria as 
seemed necessary were applied. 

The means employed to extract coenzyme Q from tissues were, 
with minor variations, those which were successful in isolating 
pure coenzyme Q homologues from several tissues (9, 10). Ini- 
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tial crude extracts were prepared by saponification with KOH 
in ethanol in the presence of pyrogallol followed by extraction 
of the mixture with either heptane, isooctane, or cyclohexane as 
previously described (9). In some cases it was useful to extract 
the dried or lyophilized tissue directly with organic solvents in 
order to prepare the initial extract. At this initial stage, absorp- 
tion spectra, particularly in the ultraviolet region, were taken in 
ethanol before and after addition of KBH,, and the characteristic 
spectra of coenzyme Q were sought. As previously shown, 
reduction of coenzyme Q leads to a large decrease in absorbancy 
in the 240 to 290 my region (largest change approximately 275 
my) and to an increase in absorbancy in the 292 to 302 mu 
region and at wave lengths below 238 my (4,7). These spectral 
changes in conjunction with the extinction values previously 
described (4) were used to derive the quantitative data on co- 
enzyme Q given in this paper. 

In the crude extracts of many tissues these characteristic 
spectral changes were readily observed, particularly in those 
tissues in which the concentration of coenzyme Q was relatively 
high. In some cases, however, the spectrum of coenzyme Q 
was obscured by impurities, and the crude extracts were further 
purified by column chromatography in order to estimate and 
establish the presence of coenzyme Q. Chromatography on si- 
licic acid-Super-Cel and on Decalso was carried out as described 
previously with only minor modification (9, 10). The coen- 
zyme Q was eluted from Decalso with diethyl ether-isooctane 
mixtures and from silicic acid-Super-Cel with chloroform-iso- 
octane mixtures. In virtually all cases, after column chroma- 
tography, fractions could be obtained in which characteristic 
coenzyme Q spectra could be observed and the amount of co- 
enzyme thereby estimated. 

When satisfactory spectra were obtained, then the appropriate 
fraction was chromatographed on paper, in the reversed phase 
system previously described (11), to ascertain which of the five 
known coenzyme Q homologues (1) was present. Chromato- 
grams were run with authentic samples as controls, and the un- 
known was also chromatographed together with an authentic 
coenzyme Q homologue on the same spot. The spots were visu- 
alized by reducing with borohydride, decomposing excess boro- 
hydride with HCl, and then reacting the hydroquinone with 
neotetrazolium (11). With few exceptions, all tissue extracts 
after column chromatography could be successfully chromato- 
graphed on paper, and in many cases it was necessary only to 
chromatograph the initial crude extracts to obtain the desired 
results. In a few instances, after the above procedures were 
applied, some doubt remained concerning the occurrence of co- 
enzyme Q, because impurities obscured the ultraviolet spectra 
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and also made paper chromatography difficult. In these cases, 
the modified Craven’s test was applied to test for the presence 
of coenzyme Q. 

Animal Tissues—The saponification procedure was applied to 
all animal tissues studied. The tissue was blended in 0.9 per 
cent KCl solution before saponification. Subsequent steps were 
carried out as already indicated. 

Plants and Microorganisms—For routine estimation of coen- 
zyme Q the tissue was either lyophilized or dried in an oven at 
100°. The coenzyme Q was then extracted by adding several 
volumes of isooctane to the dried, powdered tissue and shaking 
the mixture for 1 hour on a reciprocal shaker in glass-stoppered 
tubes. This was repeated twice. As a check on completeness 
of extraction the tissue was in most cases re-extracted with etha- 
nol:ether, 3:1 (volume for volume) and chloroform:methanol 
3:1 (volume for volume). It has been our experience that all 
of the coenzyme Q was extracted from the dried tissues reported 
in this paper by the isooctane extractions, and none appeared 
in the other solvents. 

In the case of spinach leaves and beef heart we have compared 
the isooctane extraction of dried tissue with other procedures 
such as extraction of the saponified tissue with hydrocarbons 
as has been described for the isolation of pure coenzyme Q and 
have found that the amounts obtained by the two procedures 
are essentially the same (cf. Tables I and II below). 

The extracts from those plant materials and microorganisms 
which contain large amounts of vitamin K must be purified by 
chromatography on Decalso columns before an accurate estima- 
tion of coenzyme Q based on spectra can be made. For this 
purpose the solvent was evaporated from the extract, the residue 
was taken up in fresh isooctane, and the solution was placed on 
a Decalso column. A 10 X 1.5-cm. Decalso (50 to 80 mesh) 
column (washed with isooctane) is suitable for chromatography 
of the extract from 1 to 5 gm. of dried plant material. The 
column was eluted with successive 100-ml. portions of isooctane, 
5 per cent ethyl ether in isooctane, 10 per cent ethyl ether in iso- 
octane, and 10 per cent ethanol in isooctane. The quinones 
generally found in plant materials are usually eluted in the 5 per 
cent ether eluate. Vitamin K appears first, followed by Qos 
(12, 13) and finally coenzyme Qi. If all of these compounds 
are present, the 5 per cent ether eluate should be collected in 
several fractions. If better resolution of these compounds is 
desired, a 2 per cent ethy] ether elution should precede the 5 per 
cent ether elution. The recognition of vitamin K in the tissues 
mentioned rests on the observation of multibanded ultraviolet 
absorption spectra typical of 2-methyl-1,4-naphthoquinone 
derivatives as well as the changes in this spectrum produced by 
reduction with borohydride (12). Only rough estimations were 
attempted, based on these spectra, and where no data are given, 
either vitamin K-like compounds were not sought or the meth- 
ods used (e.g. saponification) would have resulted in the destruc- 
tion of these compounds. 

Source of Materials—We wish to thank the following persons 
who have generously provided material for these experiments. 
Prof. A. H. Eggerth of Albert Einstein Medical School, Yeshiva 
University (anaerobic and aerobic cultures of Escherichia coli, 
Mycobacterium smegmatis, Bacillus mesentericus, Streptomyces 
griseus, Clostridium perfringens, and Mucor corymbifer); Prof. 
H. Halvorsen, University of Wisconsin (Escherichia coli strains, 
Saccharomyces sp., Streptococcus faecalis, and Pseudomonas fluo- 
rescens); Prof. R. Repaske, Indiana University (Hydrogenomonas 
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sp. and electron transport particle preparation from Azotobacter 
vinelandii (14)); Prof. D. S. Goldman, Veterans Administration 
Hospital, Madison, Wisconsin (Mycobacterium tuberculosis 
strain H37Ra); Dr. J. Newton, Brandeis University (Rhodospiril- 
lum rubrum and Chromatium sp. strain D); Dr. H. Forrest, 
University of Texas (Anacystis nidulans); R. T. Crane (Cladoph- 
ora sp. and Pieris rapae); Mr. J. Welch, University of Wiscon- 
sin (lamb tissue); Prof. A. Harper (guinea pig heart); Wisconsin 
Alumni Research Foundation (Musca domestica); Oscar Mayer 
and Company (beef and pig tissue). The samples of Polysi- 
phonia sp. and Fucus sp. were collected at the end of the Biologi- 
cal Station beach breakwater at Woods Hole, Masachusetts, 
Brewers’ yeast was kindly provided by the Fauerbach Brewing 
Company, Madison, Wisconsin. Dr. Y. Hatefi in this labora- 
tory prepared pigeon breast muscle cyclophorase (15) and deter- 
mined its coenzyme Q content. 


RESULTS 


Animal Tissues—Data on the occurrence of coenzyme Q in 
animals are given in Table I. Substantial amounts of coenzyme 
Q were found to occur in most animal tissues studied. In general 
the tissue concentrations found were consistent with a role for 
coenzyme Q in electron transport. For example, cardiac tissue 
was always found to contain more of the coenzyme than skeletal 
muscle, which is in keeping with the higher respiratory rates of 
cardiac tissue. Insects with a highly aerobic metabolism, such as 
the housefly and the cabbage butterfly, also contained large 
amounts of coenzyme Q. High values for coenzyme Q were 
found in all mitochondrial sources investigated. In general, 
coenzyme Qyo is the homologue in higher animals, but the pres- 
ence of coenzyme Qs, in the walleyed pike shows that this con- 
clusion may not be extended to all vertebrates. Further work 
will be necessary also to establish whether coenzyme Q4 is typical 
of insects. It would also be desirable to have more data on 
lower animal species, particularly marineforms. Ina few animals 
we were unable to establish the presence of the coenzyme un- 
equivocally and these deserve special comment. 

Lumbricus terrestris—The main uncertainty in Lumbricus was 
that an inadequate absorption spectrum was obtained. High 
amounts of ergosterol have been previously noted in the non- 
saponifiable fraction of this organism (16), and the intense ultra- 
violet absorption of ergosterol made spectral observations diff- 
cult. For example the percentage of change in absorption at 
275 my upon addition of KBH, was 2.6 for the initial crude ex- 
tract as compared to 86 for pure coenzyme Q (4). This value 
was not substantially increased after chromatography on a silicic 
acid column. A yellow band was nevertheless eluted from the 
column with 1:1 CHCl;-isooctane, and the solution of this ma- 
terial gave a positive modified Craven’s test and a quinone- 
positive spot, in the reversed phase paper system, which migrated 
as authentic coenzyme Qi. The material, however, did have a 
tendency to give a streaky chromatogram, and therefore identifi- 
cation as coenzyme Qo should be considered only tentative. 

Lobster—We have been unable to obtain evidence for the oc- 
currence of one of the known coenzyme Q homologues in lobster 
muscle (Homarus americanus, live specimens; rock lobster, fro- 
zen specimens). Initial extracts were prepared in three different 
ways, each with about 400 to 500 gm. of muscle. Dried muscle 
was extracted for 2 days each with isooctane and then with 3:1 
(volume for volume) ethanol-diethyl ether. Wet muscle was 
extracted with 3:1 (volume for volume) ethanol-diethy] ether 
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TaBie [ 
Distribution of coenzyme Q in animals 
The following abbreviations have been used in the columns indicated: Coenzyme Q: W, wet weight; P, protein; D, dry weight; Ez- 
traction method: S, saponification; D, direct solvent extraction; Identification criteria: P, pure compound isolated and characterized; 
§, absorption spectra, oxidized and reduced; PC, paper chromatography; E, restored succinic oxidase activity in solvent-extracted 


particles; CT, modified Craven’s test. 























outen me Coenzyme Q Homologue — Identification criteria 
pmoles/gm. 
Cow Heart 0.085 W CoQio 8,D P, 8, PC, E, CT 
Heart mitochondria 2.9-3.3 P CoQio 8 P, 8, PC, E, CT 
Heart mitochondria 3.44.0 P CoQio D P, 8, PC, E, CT 
Liver 0.040 W CoQio 8 8, PC, CT 
Kidney 0.018 W CoQio 8 8, PC, CT 
Rat Liver 0.18 P 8 8 
Liver 0.37 P D Ss 
Liver mitochondria 0.66 P 8 8 
Liver mitochondria 0.93, 1.7 P D NS] 
Pig Liver 0.034 W CoQio 8 8, PC, CT 
Pigeon Breast muscle  cyclo- 3.8 P 8 8 
phorase 
Lamb (3-days-old) Heart 0.20 W CoQio Ss 8S, PC 
Leg muscle 0.06 W CoQio 8 8, PC 
Guinea pig Heart 0.15 W 8 8, CT 
Chicken Heart 0.075 W CoQio 8 8, PC 
Leg muscle 0.028 W CoQio Ss 8, PC, CT 
Housefly (Musca domestica) Whole organism 0.067 W CoQ, 8 8, PC 
Earthworm (Lumbricus terrestris) Whole organism <0.028 W CoQi0? NS PC, CT 
Frog (Rana catesbeiana) Heart 0.023 W CoQio Ss 8, PC, CT 
Leg muscle 0.011 W CoQio Ss S, PC, CT 
Cabbage butterfly (Pieris rapae) Whole organism 0.27 D CoQ, D S, PC 
Lobster (Homarus americanus) Back muscle <0.002 W S,D 
Claw muscle <0.002 W 8 
Shrimp Muscle <0.001 W NS] CT 
Walleyed pike Skeletal muscle 0.009 W | CoQ, | 8 8, PC 





exhaustively, and finally a nonsaponifiable extract of wet muscle 
was prepared in the usual manner. Each of these extracts was 
chromatographed on silicic acid-Super-Cel columns; the elutions 
were carried out with CHCl;-isooctane mixtures and finally with 
methanol. 

In a typical experiment a 1.8 X 24-cm. column was used, with 
the following concentrations (per cent) of CHCl; in isooctane: 
0 (100 ml.), 20 (500 ml.), 35 (250 ml.), 50 (100 ml.), 100 (100 
ml.), 100 per cent methanol (100 ml.). Fractions of 25 ml. each 
were collected, and the complete ultraviolet absorption spectrum 
of each fraction was recorded with a Beckman model DK-2 
spectrophotometer. Spectrally similar fractions were pooled, 
evaporated to dryness in a vacuum, redissolved in ethanol, and 
the ultraviolet spectrum before and after the addition of KBH, 
was taken. No spectrum of any fraction thus obtained had 
characteristics of that of coenzyme Q. Nevertheless some frac- 
tions did show a decrease in absorption at approximately 270 
my upon addition of borohydride, and appropriate amounts of 
these fractions were chromatographed on paper. In no case was 
quinone-positive material observed which migrated in the region 
of the known homologues of coenzyme Q. All fractions tested 
with the modified Craven’s test gave negative results. 

Shrimp—The demonstration of coenzyme Q in shrimp must be 
considered to be tentative. After saponification and silicic acid 
chromatography of 1 kg. of decapitated and peeled shrimp, a 
small fraction was obtained which showed borohydride-depend- 


ent decrease in absorption (at approximately 270 my); the spec- 
trum of this fraction was partially obscured by the presence of a 
compound with an ergosterol-like spectrum. Nevertheless, the 
fraction did give a positive Craven’s test and a faint quinone- 
positive spot which migrated close to coenzyme Qi in the re- 
versed phase paper system. Since these shrimp were unfor- 
tunately not deveined, the question must arise whether the small 
amount of “coenzyme Q” observed might not be attributable to 
microorganism contamination. 

Coenzyme Q in Plants and Microorganisms—Specimens of 
plants from all the major divisions of the plant kingdom as well 
as a variety of microorganisms have been examined for the pres- 
ence of coenzyme Q and a similar lipide-soluble quinone which is 
concentrated in chloroplasts of green plants and has been called 
Qos: (12, 13).2. These data are given in Tables II and III. In 
general we have found that as in the case for animals, the pres- 
ence and amount of coenzyme Q is well correlated with the re- 
spiratory capacity of the tissue in question. Organisms with 
high respiratory rates such as Azotobacter vinelandii have large 
amounts of coenzyme Q which is concentrated in an electron 
transport particle preparation prepared from this organism. A 
comparison has also been made of the coenzyme Q content of two 
facultative organisms, Escherichia coli and Saccharomyces cere- 
visiae, in which it is shown that these organisms contain coenzyme 


2 “‘Plastoquinone”’ has been suggested as a trivial name for 
Qosa (12). 
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TaBLeE II 
Distribution of coenzyme Q and Qess in plants 
Where the homologue of coenzyme Q was not determined, the quantitative data were based on the extinction coefficients of coen- 


zyme Qio. 


The non-saponifiable fractions of the various vegetable oils (100-ml. samples) listed below presented difficulties in the estimation 
of coenzyme Q because of the presence of extraneous lipides. See Table I for explanation of symbols. 





























Coenzyme Q 
Organism Qess Vitamin K 
~—_ oa .” Homologue mn Identification criteria 
mg./gm., dry weight 

Blue-green algae 

Anacystis nidulans............0.000 00 ee eeeee <0.0005 D 0.080 
Green algae 

i ee rere 0.018 CoQs 8,D 8, PC, CT 0.049 
Red algae 

PONE OD. ooo ccc ceseecesesesavecs 0.027 D 8 0.080 
Brown algae 

I ein pile Fc y isha une Seabee rete 0.019 CoQ, D 8, PC 0.061 0 
Higher Plants 

Spinacia oleracea (leaves)................... 0.049 CoQio 8, D 8S, PC, CT 0.090 + 

Medicago sativa (commercial alfalfa meal)... 0.023 CoQio §,D P,S, PC, E 0.110 oo 

Zea mays (young shoots).................... 0.068 D 8 0.082 

Zea mays (young roots)..................... 0.037 D 8 0.019 

Ipomoea batatas (sweet potato roots)........ 0.029 CoQio Ss 8, PC, CT <0.001 

Solanum tuberosum (potato tubers).......... 0.005 CoQio 8 8S, PC, CT <0.001 

Brassica oleracea (cauliflower buds).......... 0.012 NS] Ss 0.015 
Vegetable oils (commercial samples) 

I oid. Sasa koe sedotwb hae been + s s 0 

INS 5.3 0h Xe s 2 ean as AER Cane, +++ 8 8, CT 0 

I EL ra ooo ecee piace Gad wre 765 ow bade eR NO 0 8 + 

a UN cine cine a dena Fee ke Chae a8s 0 | s 0 





Q only when grown under aerobic conditions. It has been pre- 
viously shown that coenzyme Q is concentrated in preparations 
possessing respiratory activity from spinach leaves and cauli- 
flower buds (12). 

Coenzyme Q has been found in all higher plants examined, 
both in roots and leaves as well as in members of the Chlorophy- 
ceae, Phaeophyceae, and Rhodophyceae. It also occurs in fungi 
of the Ascomycetes and Phycomycetes groups. We have been 
unable to find coenzyme Q in the one species of the Cyanophyceae 
examined or in certain aerobic bacteria such as the mycobacteria, 
but it is of interest that these organisms contain a large amount of 
Vitamin K. On the other hand, the obligate anaerobe, Clostrid- 
ium perfringens, contains neither coenzyme Q nor vitamin K. 
No coenzyme Q occurs in basidiomycetes; however, all members 
of this class so far examined contain a lipide-soluble quinone 
which is different from coenzyme Q, Qess, and vitamin K and 
may be most conveniently referred to as basidioquinone until 
the chemical structure of this compound is established. This 
compound has been extracted from the various basidiomycetes 
with either ethanol or ethanol-ether mixtures and has been rec- 
ognized by its absorption spectrum, featured by a broad band at 
255 my which disappears on reduction with potassium borohy- 
dride and is followed by appearance of a band at 295 my (isos- 
bestic points: 277 my and 243 mu). This compound has been 
observed only in various basidiomycetes, thus far, but until more 
is known about this compound we cannot exclude its possible 
occurrence in other taxonomical groups. Basidioquinone occurs 


in highest amounts in actively growing fungal tissue, and only 


traces are found in less active tissue such as old bracts of poly- 
pores. 

Qs; is restricted primarily to photosynthetic tissues in all 
higher plants and algae of all classes examined. It has previously 
been shown to be concentrated in chloroplasts of spinach (12). 
Small amounts of Qos also occur in nonchlorophyll-containing 
tissues such as corn roots or cauliflower buds which are capable 
of developing chloroplasts, and it may be suggested that pro- 
plastids of these tissues contain the compound. Tissues such as 
the white or sweet potato which do not produce chlorophyll 
contain no Qe. The photosynthetic bacteria, Rhodospirillum 
rubrum and Chromatium sp. do not contain Qos, but do possess 
exceedingly large amounts of coenzyme Q. 

It should be pointed out that Kofler (17) in 1946 described 
the isolation of a compound from alfalfa which had properties 
similar to those of Qos, (12). He proposed that this compound 
was a tetrasubstituted benzoquinone derivative with an un- 
saturated side chain(s). In a preliminary survey of the leaves 
of various species for Qoss, using the Dam-Karrer test as an assay, 
Kofler found approximately 100 gm. of Qoss per kg. of dry alfalfa 
which is in good agreement with the amount reported here. 
Kofler also found large amounts of what would appear to be 
Qos4 in the leaves of several species which we have not examined. 

Examination of the type of coenzyme Q found in various spe- 
cies suggests that as a general rule lower organisms contain lower 
homologues, whereas both mammals and higher plants contain 
coenzyme Qu. 














Aug 


only 
that 
and 
to sl 

M 
char 
by ’ 
isole 
of er 
non 
livin 
Vita 
spec 
tion 








en- 


ion 


dly- 


all 
sly 
12). 
ing 
ible 
pro- 
h as 
hyll 
lum 
Sess 


bed 
‘ties 
und 


Aves 
say, 
alfa 
ere, 
» be 
ned. 


ywer 
tain 











wieaa 


August 1959 


R. L. Lester and F. L. Crane 


2173 


Taste III 
Distribution of coenzyme Q and other quinones in microorganisms 


See Table I for explanation of symbols. 





























| Coenzyme Q 
Organism < Vitamin K Basidio quinone 
ot oy Homologue oo Identification criteria 
Actinomycetes 
Streptomyces griseus............... <0.002 D b+ 
Phycomycetes 
Mucor corymbifer................. 0.20 CoQ, D 8, PC 0 
Ascomycetes 
Neurospora crassa................. + CoQio 8 Ss, PC 
Saccharomyces cerevisiae, aerobic. . 0.35 CoQs SS) P, 8, PC, E 
S. cerevisiae, anaerobic............ <0.001 Ss 
DCI alec seen ee esaentone + CoQe D PC 
iN i isiaosiary.s dale ha sainonc seater a CoQs D PC 
Torula utilis (commercial prep- 
cca erneidd'e Rcinss 0.59 CoQ; + CoQs 8, D P, 8, PC, E 
Basidiomycetes 
Psalliota campestris (sporophore). . <0.0001 8, D 0 + 
Coprinus atramentarius (sporo- | 
RIED acca 6s cure awakes <0.001 D 0 + 
Ustilago zea (young sporophore)... <0.0001 D 0 oe 
Polyporus sp. (bract)............. <0.0001 D 0 + 
Bacteria 
Azotobacter vinelandii............. 2.6 CoQs NS P, 8, PC, E + 
A. vinelandii, electron transport 
INE, Saori wcy convener LaNseny 6.0 Ss 
Escherichia coli B4, aerobic....... 0.24 D Ss 7 
E. coli B4, anaerobic.............. <0.001 D Ss ++ 
eo era et nee nites ase deiwus 0.31 CoQs D 8, PC, CT 44 
MEME WEY sic tnc cca iva taeccewens ++ CoQ: D 8S, PC 44 
ES 28 ortu ecw claw ckweea +4 CoQs D 8, PC +4 
Hydrogenomonas sp................ 0.10 CoQ: D 8, PC 
Pseudomonas fluorescens........... 0.94 CoQ, D 8, PC, CT 0 
Rhodospirillum rubrum............ 4.3 CoQ, D 8, PC 0 
Chromatium sp. strain D.......... 2.9 CoQ; D S, PC, E +4 
Streptococcus faecalis............ <0.004 D 
Clostridium perfringens............ <0.002 D 0 
Bacillus mesentericus.............. <0.001 D +4 
Mycobacterium smegmatis.......... <0.001 D ++ 
Mycobacterium tuberculosis strain 
ME havc arite vem tetawntiekeas <0.0002 8, D ++ 








DISCUSSION 


We realize that generalizations based on the examination of 
only 50 or so species are necessarily tentative, yet we do believe 
that certain conclusions concerning the distribution, function, 
and structure of lipoquinones seem to be warranted and may help 
to shape future work along these lines. 

Many naturally occurring quinones have been isolated and 
characterized; an excellent account can be found in a recent book 
by Thompson (18). Generally speaking, most of the quinones 
isolated have a limited distribution in nature. The homologues 
of coenzyme Q, however, comprise the first class of natural qui- 
nones which have been observed in virtually all categories of 
living matter, including animals, plants, and microorganisms. 
Vitamin K-like compounds also have been observed in many 
species of plants and microorganisms, and have a wider distribu- 
tion than any other heretofore recognized plant quinone (18). 


However, no direct chemical evidence exists which indicates the 
occurrence in animal tissues of vitamin K compounds (18), and 
it is quite possible that the antihemorrhagic activity of certain 
animal tissue extracts is attributable to as yet unknown com- 
pounds which may be derivatives of the known vitamin K ana- 
logues. In the present study, particularly in the case of beef 
heart lipides, we have looked exhaustively and unsuccessfully for 
the typical ultraviolet spectrum of vitamin K. The quinone 
designated Qos also has a widespread occurrence in photosyn- 
thetic tissue (except bacteria). If the compound, basidioqui- 
none, found in all the basidiomycetes examined, indeed proves 
to be of general occurrence in this group, this observation would 
be in contrast to the less general distribution of quinones which 
have already been recognized in various basidiomycetes (18). 
Work of Morton and collaborators on tissue distribution is 
summarized in a recent publication (6); they find the quinone to 
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occur in certain animal organs including fetal tissue, yeast, and 
also in rat liver mitochondria. The results found for animal 
organs are similar to those reported in this paper, although in 
general no data have been presented concerning which homo- 
logues are present. In this regard it is interesting to note that 
Page et al. (19) have reported the isolation of crystalline coenzyme 
Qo from human hearts and from beef striated muscle as well as 
the identification of coenzyme Qi by spectra and Rr in the heart 
tissue of pigs, chicks, turkeys, and rabbits and in beef and lamb 
kidney. 

For some of the quinones under discussion evidence exists 
which indicates their participation in the reactions of electron 
transport and oxidative phosphorylation. Vitamin K com- 
pounds have been implicated in respiratory activity by the work 
of Martius and Nitz-Litzow (20) in animal tissues and by Brodie 
et al. (21) and Weber et al. (22) in certain microorganisms. 
Vitamin K-like compounds have been isolated from species of 
mycobacteria by Snow (23), Noll (24), and Brodie et al. (25). 
It is of interest that we could find no coenzyme Q in the several 
mycobacterium species investigated. The respiratory function 
of coenzyme Q has been the subject of several papers from this 
laboratory (7, 26-29). Although a definite role cannot as yet 
be assigned to Qos, it seems likely, because of its localization 
in chloroplasts (12), that its function is involved with electron 
transport reactions in photosynthesis. More work is necessary 
on the quinone found in various basidiomycetes before its func- 
tional significance can be adequately assessed. 

As already indicated coenzyme Q is widespread in nature but 
not ubiquitous. Furthermore, its amount and _ intracellular 
distribution are correlated with aerobic respiratory capacity. 
There are, however, notable exceptions to the latter conclusion. 
There would appear to be two reasonable explanations of the 
lack of coenzyme Q in certain aerobic tissues. One is that the 
amounts are so low that the compound is undetectable. We 
would favor the interpretation that a lack of coenzyme Q reflects 
a basic difference in the electron transport mechanisms of these 
tissues. This difference might have its basis in a total lack of 
coenzyme Q type compounds. These tissues may indeed contain 
quinones having a respiratory function, which, however, differ 
from the known homologues sufficiently in certain properties to 
make their detection difficult. The presence of vitamin K-like 
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compounds and “basidioquinone”’ in some of the organisms 
lacking coenzyme Q may be pertinent in this regard. When the 
intimate details of the mechanism by which lipides such as 
vitamin K, tocopherol, Qes;, and coenzyme Q function in electron 
transport are known, data on the natural occurrence of such 
compounds, as well as the cytochromes and flavoproteins, may 
throw much light on the comparative biochemistry of electron 
transport. Even now these data may suggest another approach 
to the electron transport problem. 

Finally, it is of interest to note that the compounds under 
discussion bear a structural resemblance to one another; that is, 
they are all comprised of a quinone moiety to which is attached a 
polyisoprenoid side chain. A long, unsaturated, polyisoprenoid 
side chain has been demonstrated for compounds of the vitamin 
K group, for Qess, and for coenzyme Q. Although only phytyl 
side chains have thus far been recognized in the various tocoph- 
erols, a compound structurally related to y-tocopherol and 
with a long unsaturated, polyisoprenoid side chain has been 
recently isolated from tobacco by Rowland (30). This com- 
pound was designated, solanochromene, and characterized as 


CH bit CH 

\Z7 A 
HC; | < CH:(CH:CH=—C—CH:),H 
HOW N\A 


It seems worthwhile to examine the possibility of a biosynthetic 
relationship among these compounds. 


SUMMARY 


Many species of animals, plants, and microorganisms have 
been examined for the presence of coenzyme Q and related lipides. 
It was found that coenzyme Q is widespread in nature but not 
ubiquitous. As a rule, in highly aerobic tissues, there occur 
large amounts of coenzyme Q. It is suggested that in those 
tissues which are apparent exceptions to this rule, a different 
electron transport mechanism, possibly utilizing other quinones 
such as vitamin K, is operative. 
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Several years ago it was observed that strict anaerobiosis 
prevented the swelling of isolated liver mitochondria. This was 
true for spontaneous swelling and for swelling induced by phos- 
phate, certain metal ions, and other substances (1-3). This 
observation created a sharp paradox with the generally accepted 
view that adenosine triphosphate or active phosphorylation was 
essential in maintaining mitochondrial structure and integrity 
(4, 5), for under anaerobic conditions one would expect the 
mitochondrial ATP level to fall to low levels. Subsequent 
studies! (6-8) have indicated that anaerobiosis protects against 
virtually every agent known to induce mitochondrial swelling 
by a selective action. In addition, the unexpected observation 
that some uncoupling agents, like 2 ,4-dinitrophenol, can prevent 
mitochondrial swelling has been firmly established as fact (7, 
9-11). 

In our earlier experiments (1) we concluded that blocking the 
electron transport chain at cytochrome oxidase with NaCN did 
not result in protection against swelling, whereas anaerobiosis 
did. This resulted in the suggestion that the effect of anaero- 
biosis was to prevent some easily oxidizable group in the mito- 
chondrial membrane from undergoing the oxidative change 
essential for the permeability change responsible for swelling. 
In reinvestigating this question, Lehninger and Ray (6) observed 
good protection with 10-* m NaCN. They postulated (6, 7) 
that the action of anaerobiosis and NaCN resulted in keeping 
one or more components of the electron transport chain in the 
reduced form. 

This paper reports additional studies which bear on the pos- 
sible role of the state or the activity of the electron transport 
chain in controlling the permeability of the mitochondrial mem- 
brane and thereby determining mitochondrial swelling. Using 
dilute mitochondrial suspensions we have obtained effects with 
NaCN very similar to those reported by Lehninger and Ray 
(6, 7). The exact reason for the discrepancy with the earlier 
results with more concentrated suspensions has not been estab- 
lished. Studies with other blocking agents for the electron 
transport chain and with various substrates suggest that active 
electron transfer or some dynamic state is essential for swelling 
rather than just the oxidized state. Blocking the electron trans- 


* This investigation was supported in part by Research Grant 
No. C-2284 from the National Cancer Institute, United States 
Public Health Service. 

1 F. E. Hunter, Jr., unpublished experiments. 


port chain does block the effect of most agents which produce 
swelling, but differences in the kinetics and the extent of swelling 
with certain substances suggest that several fundamental changes 
may be involved. While this manuscript was being prepared, 
Lehninger and Schneider (8) reported that cyanide, antimycin 
A, and Amytal? block thyroxine- and phlorizin-induced swelling. 


EXPERIMENTAL 


Materials and Methods 


Male rats, 100 gm. each, were obtained from the Holtzman 
Rat Company, Madison, Wisconsin. They were fed Purina 
laboratory chow ad libitum and usually weighed between 125 
and 250 gm. when used. The liver mitochondria were isolated 
in 0.33 mM sucrose by a slight modification (12) of the method of 
Schneider (13). They were washed twice and suspended in 0.33 
M sucrose (mitochondria from 1 gm. of liver in 2 ml.). This 
stock suspension was kept at 0°. Swelling experiments were 
carried out as promptly as possible, preferably within the 1st 
hour after the isolation was completed. After 2 hours or more 
the preparations showed signs of changes in sensitivity to agents 
which cause swelling. 

Swelling was followed by changes in the optical density at 
520 mu. Numerous earlier workers have used similar proce- 
dures. Tedeschi and Harris (14) and others (15, 16) have 
published studies on the correlation between optical density 
changes and mitochondrial volume changes. Anaerobic experi- 
ments were carried out in Thunberg tubes which could be read 
directly in the spectrophotometer. Mitochondria from 40 to 
75 mg. of liver diluted to 3.5 ml. give an initial optical density 
reading of 0.500 to 0.700. In general, the initial readings have 
not been corrected for small variations caused by the fact that 
the tubes were not perfectly matched. 

The basic medium was 0.33 M sucrose containing 0.025 m 
Tris,* pH 7.4. The incubation was at room temperature, 22-24°. 
In most cases all substances were placed in the tube, and the 
experiment was started by adding the mitochondria, mixing by 
inversion, and taking the first reading. This procedure proved 
to be more convenient and satisfactory than adding the swelling- 
producing agent last. However, it could not be used when it 

2? Amytal is 5-ethyl-5-isoamylbarbituric acid. 

3 The abbreviations used are: Tris, tris(hydroxymethyl)amino- 
methane; EDTA, ethylenediaminetetraacetate. 
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was essential to expose the mitochondria to a blocking agent 5 
or 10 minutes before the addition of the swelling-inducing agent, 
as is the case with antimycin A and SN 5949. The suspension 
in the tube was remixed in the longer experiments, but no signifi- 
cant optical density change occurred on remixing. Experiments 
with NaCN were carried out with filled and capped tubes to 
minimize loss of HCN. 

For anaerobic experiments the mitochondria were suspended 
in 0.3 ml. of 0.33 m sucrose and placed in the hollow stopper of 
Thunberg tubes, with all other constituents in the main tube. 
The entire evacuation and flushing with nitrogen was carried out 
at 3°. Repeated shaking of the contents of the tubes over a 
20-minute period is essential to remove the dissolved oxygen. 
The tubes were then warmed to 24° in a water bath and the 
contents mixed. 

Pyridine nucleotide determinations were carried out by the 
method of Lowry et al. (17). Because of the well known fact 
that metal ions can influence mitochondrial swelling (10, 18), the 
highest purity chemicals and water redistilled in Pyrex glass 
were used in all cases. 


RESULTS 


Effect of Electron Transfer Chain Inhibitors on 
Phosphate-induced Swelling 


1. Cyanide—Figs. 1 and 2 illustrate experiments with NaCN. 
The swelling of mitochondria in the presence of phosphate was 
blocked by 2 mm NaCN. Because this relatively high concen- 
tration of NaCN might react with components other than cyto- 
chrome oxidase, lower concentrations of cyanide were investi- 
gated. At 0.1 mm NaCN was not always adequate to prevent 
completely spontaneous swelling or swelling induced by low 
concentrations of phosphate. As the concentration of NaCN 
was raised, the inhibition of swelling was more nearly complete. 
However, if the concentration of phosphate was increased the 
amount of NaCN required to prevent swelling increased. One 
mm NaCN was necessary to block completely the effect of 10 
mm phosphate. Although the general concentration ranges of 
NaCN permit the tentative conclusion that it acts by blocking 
electron transport, it is well to remember that 1 mm NaCN may 
also reduce disulfide bonds or regenerate sulfhydryl groups from 
their metal complexes (19). The amount of phosphate used 
affects the amount of cyanide required in a manner suggestive 
of a competitive effect. 

2. Azide—Spontaneous swelling was largely but not always 
completely prevented by 2 mm sodium azide. This concentra- 
tion decreased the rate of swelling due to 2 mm phosphate by 
about 50 per cent but was unable to block the action of 10 mm 
phosphate. Higher concentrations of azide, 10 mm, were able 
to block spontaneous swelling and swelling induced by 2 mm 
phosphate (Fig. 3), but were unable to block the effect of 20 
mm phosphate. 

8. Antimycin A—Antimycin A in concentrations which inhibit 
electron transport (1 to 2 ug per ml.) prevented swelling with all 
concentrations of phosphate (Fig. 4). As is the case with 
electron transport, the antimycin A inhibition of swelling is more 
effective if a little time is allowed for it to react with the tissue. 

4. SN 5949—This agent, which is reported to block the elec- 
tron transport chain between cytochromes 6 and c (Ball et al. 
(20)), like antimycin A, prevented swelling induced by a con- 
siderable range of phosphate concentrations (2 to 20 mm, Fig. 4). 
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Fic. 1. Effect of NaCN on swelling induced by 20 mm phosphate 
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Fig. 2. Effect of NaCN on swelling induced by 2 mm and 10 
mM phosphate. 
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Fic. 3. Effect of antimycin A and NaN; on swelling induced 
by 2 mm phosphate. 


5. Amytal—This inhibitor, which blocks the electron transfer 
chain between pyridine nucleotides and flavoprotein in intact 
mitochondria (21-23), results in pyridine nucleotides remaining 
reduced and the remainder of the electron transport chain be- 
coming oxidized under aerobic conditions (21, 24). It may be 
seen from Figs. 5, 6 and 7 that Amytal, in the same concentra- 
tions (2 to 4 mm) which provide a fairly complete block of elec- 
tron transfer, prevented spontaneous and phosphate-induced 
swelling of mitochondria. 
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Fig. 4. Effect of antimycin A and SN 5949 on swelling induced 
by 2 mm and 20 mm phosphate. 
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Fia. 5. Effect of Amytal on swelling induced by phosphate 
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Fia. 6. Effect of reoxidation of pyridine nucleotides in the 
presence of an Amytal block. 


Effect of Reoxidation of Pyridine Nucleotides in Presence 
of Amytal Block 
In the presence of Amytal and 0.5 mm 6-hydroxybutyrate the 
pyridine nucleotides were largely in the reduced form, as was 
expected on the basis of the work of Chance and Williams (21, 
24, 25). These workers found shifts to the oxidized form of 


pyridine nucleotide on addition of a-ketoglutarate + NH,Cl or 
acetoacetate in the presence of an Amytal block. The reoxida- 
tion proceeds by the following reactions: 
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a-ketoglutarate + NH; + DPNH 


+ H* — glutamate + DPN*t (1) 
Acetoacetate + DPNH + H* — 6-hydroxybutyrate + DPN* (2) 


The data in Table I represent one of several experiments which 
indicate that 80 to 100 per cent of the pyridine nucleotide (direct 
chemical determination) can be converted to the oxidized form, 
yet swelling does not occur if an Amytal block of the respiratory 
chain is present (Fig. 6). Therefore, reduced pyridine nucleo- 
tides do not seem to be essential for prevention of swelling. 


Effect of Electron Transfer in Presence of Amytal Block 


Since Amytal blocks the electron transport chain between 
pyridine nucleotides and flavoprotein but does not inhibit suc- 
cinate oxidation, it is possible to feed electrons into the system 
above the point of the Amytal block by means of succinate (21, 
23). These electrons enter the main electron transport chain 
at cytochrome 6. Other substances which may reduce certain 
components of the respiratory chain are ascorbate, GSH, cysteine, 
sulfite, and others. The effect of these and related substances on 
the swelling of mitochondria in the absence and in the presence 
of Amytal, antimycin A, SN 5949, azide, and cyanide was 
investigated. 

1. Succinate—The swelling-inducing effect of succinate was 
observed by Raaflaub (26, 27) and confirmed by Tapley (10). 
Raaflaub suggested that succinic oxidase might play a special 
role in the permeability of the mitochondrial membrane. The 
concentration of succinate which produces swelling (1 to 2 mm) 
is sufficiently low to indicate that impurities are not likely to be 
the explanation. 

Although the swelling induced by phosphate, 6-hydroxy- 
butyrate, or glutamate was blocked by 2 to 4 mm Amytal, the 
swelling induced by succinate was not blocked (Fig. 7). Agents 
which do block electron transport from succinate, such as anti- 
mycin A, SN 5949, azide, cyanide, and malonate, did prevent the 
swelling caused by succinate (Fig. 8). The blocking of the 
swelling-producing effect of succinate by malonate (Fig. 9) was 
first observed by Raaflaub (27) and was confirmed by Tapley 
(10). Malonate inhibition in the presence of Amytal empha- 
sizes the fact that succinate oxidation must occur for swelling to 
occur under these conditions (Fig. 10). 

Malonate had little effect on swelling produced by phosphate, 
malate, fumarate, and 6-hydroxybutyrate (Figs. 11 and 12). 
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Fic. 7. Effect of Amytal on swelling induced by 1 to 3 mm 
succinate. 
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Sometimes malonate showed small inhibitions with sulfite and 
ascorbate. Possibly some of the electrons from these agents 
enter the electron transport system via the flavoprotein of suc- 
cinic dehydrogenase. Malonate gave a partial block of spontane- 
ous swelling, an effect which may be due to blocking the oxidation 
of some endogenous succinate. Since most of the spontaneous 
swelling appears to be due to oxidations sensitive to Amytal, 
malonate would not be expected to give a complete block in 
preparations with high rates of spontaneous swelling. When 
the spontaneous swelling is eliminated with Amytal, malonate 
produces a complete block of succinate-induced swelling (Fig. 10). 

2. Ascorbate—In low concentrations (0.1 to 0.3 mm) ascorbate 
caused rapid swelling of mitochondria in the presence of an 
electron transfer block by Amytal (Fig. 13). Isoascorbate 
produced similar effects but dehydroascorbate was much less 
effective (Fig 14). Characteristically there was a lag period 
before the onset of rapid swelling. The swelling produced by 
ascorbate was prevented completely by anaerobiosis, EDTA, 
8-hydroxyquinoline, Mn++, ATP + Mg**+ + bovine serum 
albumin, and higher concentrations of ascorbate (15 to 20 mm) 
(Figs. 13 and 14). Inhibitions by antimycin A, SN 5949, and 
NaCN ranged from slight to nearly complete in different prepara- 
tions. More consistent inhibition by antimycin A and by SN 
5949 was produced by somewhat higher concentrations (Fig. 15). 
Small inhibitory effects were sometimes seen with azide, Mg**, 
and dehydroascorbate. Amytal, dinitrophenol, and malonate 
usually had no effect. 

3. Glutathione and Cysteine—Glutathione, 5 to 6 mm, and 
cysteine, 6 mM, produced swelling similar to that seen with low 


TABLE I 
Reoxidation of pyridine nucleotide in presence of Amytal 
s-OH-Butyrate and Amytal were added at zero time, 5 mm 


a-ketoglutarate + 5mm NH,Cl at 3 minutes, and 5 mm phosphate 
at 13 minutes. 
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Initial additions a Iultion of bs + i po ale oe Fine! 
Poutyrate |e NHaCl | Phosphate onitial| (33 
—_———|-—_—_- mS seer | min.) 
Total | PN* +t | Total | PN* Total | PN* | 
0.5mm 6-Hydroxy- | 4.1 | 1.9 | 4.3 | 3.7 | 1.0 | 0.9 0. 825 0.341 
butyrate | 
0.5mm @-Hydroxy- | 3.9 | 1.0 | 4.2 | 4.3 | 4.3 | 4.0 0.8250.748 
butyrate + 4.6 | 
mm Amytal | | | | | 
0.5 mm B-Hydroxy- | a-Keto- 0.8250.405 
butyrate | gluta- | No phos- | 
rate phate 
+ added | 
NHC! | 
added | 
0.5 mm B-Hydroxy- | a-Keto- | (0.825 .0.764 
butyrate + 4.6 | gluta- | No phos- | 
mm Amytal rate phate 
| + | added 
| | NH.CI| 
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*umoles X 10~ per 29.5 ul. of mitochondrial suspension. 
t PN*, oxidized pyridine nucleotide. 
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Fig. 8. Effect of EDTA, antimycin A, NaN;, and malonate on 
swelling induced by succinate. 


"onan SUCCINATE+0.91mM EDTA 






° 
uo 





OPTICAL DENSITY- 520mu 























{ 10mM MALONATE 
1O0mM MALONATE +ImM 
3 06 ' . ee 
€ 
3 | ~~ So 
o 
= Sickenune 4 
ao F CONTROL . 
=z 
ImM S 
3 4b MALONATE + ~°——_| 
» ImM SUCCINATE 
S 1 ._ (mM SUCCINATE 
- Se 
a , e 
a 03 Dalian’ 
i iL i i. i nile 
10 20 30 40 50 60 
MINUTES 


Fic. 9. Effect of malonate on swelling induced by succinate 
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Fic. 10. Effect of malonate on swelling induced by succinate 
in the presence of Amytal. 
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concentrations of ascorbate. Oxidized glutathione produced 
only a slow steady swelling without a sharp break. It may be 
partially reduced by the mitochondria. Glutathione-induced 
swelling differed somewhat from that produced by ascorbate in 
sensitivity to inhibitors. In general it was more sensitive to 
antimycin A, SN 5949, NaCN, and possibly Amytal, but less 
sensitive to 8-hydroxyquinoline. Glutathione may feed elec- 
trons into the electron transfer chain in the pyridine nucleo- 
tide-flavin region to a greater extent than does ascorbate. Azide, 
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10 mm, did not block swelling caused by glutathione. 
may be some direct interaction. 

The results with succinate, ascorbate, and glutathione are 
completely consistent with the working hypothesis that restora- 
tion of electron transfer through the cytochromes (by reduction 
of cytochrome 6 or cytochrome c) permitted swelling to occur 
even in the presence of the Amytal block. However, special 


There 


Electron Transport Inhibitors on Mitochondrial Swelling 


Vol. 234, No. 8 


note should be taken of the fact that ascorbate, glutathione, and 
cysteine produced swelling that either was different in character 
or contained an additional component, for what appeared to be 
virtually complete lysis occurred, with the optical density 
approaching zero (Figs. 13, 14, and 15). 


Additional Substances which Produce Swelling 


1. Substrates—According to our working hypothesis, spontane- 
ous swelling and phosphate-induced swelling would be dependent 
on the presence of endogenous substrates. Addition of substrates 
which can be oxidized by mitochondria should promote swelling, 
Raaflaub (27, 28) and Tapley (10) have reported that a-keto- 
glutarate, fumarate, malate, and glutamate increase the rate of 
swelling. These results have been confirmed and several addi- 
tional substrates investigated. 

Glutamate—At 1 to 3 mu, this substrate hastened the swelling 
of the mitochondria (Fig. 16). This effect was blocked by 
anaerobiosis and by those electron transport chain inhibitors 
which prevent pyridine nucleotide-dependent oxidations (anti- 
mycin A and Amytal). Ten mm malonate did not block gluta- 
mate-induced swelling. 

8-Hydroxybutyrate—S-Hydroxybutyrate, 1 or 2 mm, caused 
rapid swelling resembling that seen with phosphate (Fig. 12). 
This swelling was prevented by anaerobiosis, cyanide, antimycin 
A, and Amytal. Malonate had essentially no effect. Electrons 
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from 6-hydroxybutyrate enter the electron transfer chain via 
pyridine nucleotides. 6-Hydroxybutyrate has the advantage 
that the oxidation product, acetoacetate, does not undergo 
further oxidation in liver mitochondria (9). 

Fumarate-Malate—With 1 mm fumarate there was swelling 
which was completely blocked by Amytal (Fig. 11). This 
clearly indicates that succinate-induced swelling is not due to 
formation of fumarate. Since fumarate is in equilibrium with 
malate, electrons from this substrate enter the electron transfer 
chain via pyridine nucleotides. Maleic acid is not oxidized by 
mitochondria and did not induce swelling. 

a-Ketoglutarate—In our experiments, 2 to 10 mm a-keto- 
glutarate either alone or with equimolar amounts of NH,Cl 
induced swelling that was blocked by Amytal (Fig. 6). 

Sulfite—This reducing agent was tested for comparison with 
ascorbate. In concentrations of 0.3 to 3 mM it caused rapid 
swelling (Fig. 17). It is of interest that the swelling curve with 
sulfite resembled the curve with phosphate and substrates more 
than that with ascorbate. It has been known for several years 
that sulfite is oxidized enzymatically by mitochondria, partially 
via cyanide-sensitive electron transfer coupled to phosphoryla- 
tion (29). 

Like other substrates, sulfite appears to produce swelling 
through effects on electron transport. Its action was almost 
completely blocked by anaerobiosis, cyanide, azide, and anti- 
mycin A, with partial inhibition by Amytal and malonate. 
These latter observations suggest that electrons from sulfite 
enter the electron transfer chain at several points, including some 
reduction of the flavoprotein of succinic dehydrogenase. Since 
cyanide completely blocks sulfite-induced swelling but only 
partially blocks sulfite oxidation (29), it appears that oxidation 
not involving electron transfer via cytochrome oxidase does not 
promote swelling. 

Nitrite—In concentrations up to 8 mM, nitrite neither produced 
nor prevented swelling. Nitrite is not oxidized by mitochondria 
(30). 

2. Metal Ions—Hunter et al. (1) showed that a number of 
metal ions which promote mitochondrial swelling aerobically do 
not do so under anaerobic conditions. Lehninger and Ray (6) 
found that the action of Ca*+ is blocked by cyanide. Further 
investigation is needed with other electron transport chain 
inhibitors. 

8. Arsenite—The swelling induced by arsenite is known to be 
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DNP, dinitrophenol. 


blocked by anaerobiosis (1). The experiment in Fig. 18 illus- 
trates that it is also blocked by antimycin A and Amytal. The 
swelling was delayed for considerable periods by 0.6 mm cyanide, 
10 mM azide, and SN 5949. Arsenite is not ordinarily considered 
to be a substrate, but it can be oxidized to arsenate. If, as is 
more probable, its action is via reaction with thiol or dithiol 
groups, the reaction or the expression of it as seen in mito- 
chondrial swelling is conditioned by the electron transport chain. 

4. p-Chloromercuribenzoate—A number of workers have ob- 
served that p-chloromercuribenzoate causes rapid and _ pro- 
nounced swelling of mitochondria (2, 6, 7, 10, 11, 31). Iodo- 
acetamide produces a similar effect (10). The action of 
p-chloromercuribenzoate is blocked by anaerobiosis (see below) 
and by cyanide (7).1_ However, in contrast to what was observed 
with arsenite, the effect of p-chloromercuribenzoate was not 
blocked by antimycin A or Amytal (Fig. 19). Malonate pro- 
duced a slight slowing of the swelling. 


Anaerobic Experiments 


Anaerobiosis prevented swelling in all cases with the mate- 
rials used in this study. It is very important that the last traces 
of oxygen be removed by repeated and thorough evacuation and 
flushing. Traces of oxygen permit swelling and probably were 
responsible for the fact that Tapley (10) reported that Ne, CO, 
and so on did not prevent swelling with several agents now known 
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to be blocked by strict anaerobiosis. Even after 1 hour of 
anaerobiosis, swelling occurred with ascorbate when air was 
admitted (Fig. 20). This indicates that the ascorbic acid was 
not converted to some other material anaerobically. Phosphate, 
8-hydroxybutyrate, succinate, and glutathione also still produce 
swelling after a period of anaerobiosis. 


Additional Blocking Agents 


It has been known for some years that a number of substances 
such as EDTA, Mnt+, Mg**, citrate, and dinitrophenol could 
prevent swelling. Since these substances are not known inhibi- 
tors of electron transfer, it was of interest to test them against 
many agents which cause swelling. 

1. EDTA—This chelating agent is well known to block mito- 
chondrial swelling induced by many agents. EDTA, 0.1 to 1 
mM, is very effective in blocking the additional substances 
studied in this paper, including ascorbate and glutathione. The 
universal effect of EDTA and the remarkable degree of stability 
it produces suggest that it stabilizes the mitochondrial mem- 
brane by forming complexes with groups in the membrane. 

2. Mn** and Mg*+—It has been known (18) that these ions 
inhibit the type of swelling induced by phosphate. In the 
present investigation it was shown that 5 to 8 mm Mg** and 0.5 
to 1 mm Mn** had considerable inhibitory effect on the swelling- 
inducing properties of succinate, sulfite, and arsenite. Mn++ 
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could completely neutralize the effect of ascorbate. There js 
considerable reason to believe that these ions stabilize the mito- 
chondrial membrane by forming complexes with some group 
in it (32). 

8. 8-Hydroxyquinoline and o-Phenanthroline—In comparison 
with EDTA these chelators had relatively small effect against 
most agents which cause swelling. They were more effective 
against ascorbate and GSH. 8-Hydroxyquinoline, 0.1 mm, 
completely blocked the swelling caused by ascorbate. This 
suggests that the somewhat different type of swelling caused by 
ascorbate is the result of the action of an ascorbate-metal com- 
plex + Ox. 

4. Inorganic Triphosphate—This polyphosphate ion blocked 
swelling induced by phosphate. There is reason to believe that 
it decreases the permeability of the mitochondrial membrane 
(12). Like ATP, ADP, and pyrophosphate, which have been 
shown to inhibit swelling produced by several agents, triphos- 
phate may act in a manner similar to EDTA. 

5. Bovine Serum Albumin—Added alone bovine serum albumin 
had only small inhibitory effects. It was additive with ATP, 
and ATP + Mg++ + bovine serum albumin were quite effective, 
even against swelling produced by ascorbate and glutathione. 

6. High Concentrations of Ascorbate—Fifteen mm ascorbate, 
in contrast to 0.2 to 1 mm, did not cause swelling. Although a 
high concentration of ascorbate prevented the swelling seen with 
low concentrations of ascorbate and glutathione, it did not in- 
hibit phosphate, $-hydroxybutyrate, succinate, or  sulfite- 
induced swelling (Fig. 21). 

7. 2,4-Dinitrophenol—The striking blocking effect of dinitro- 
phenol, first observed by Lehninger (9) with swelling produced 
by thyroxine and phosphate, applies also to swelling induced with 
8-hydroxybutyrate, succinate, sulfite, and arsenite. However, 
dinitrophenol is not able to prevent the type of swelling induced 
by ascorbate, glutathione (Fig. 22), or p-chloromercuribenzoate. 


DISCUSSION 


The fact that five electron transport chain inhibitors, like 
anaerobiosis, prevent phosphate-induced swelling of liver mito- 
chondria suggests that the effect of anaerobiosis in preventing 
swelling is due to interruption of electron transport. With 


anaerobiosis all of the electron transport carriers would be in the | 


reduced form (6, 21). However, reduction of cytochromes as, 
a, c, «1, and 6 or of flavoprotein is not essential for prevention of 
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swelling, because Amytal blocks swelling. In the presence of 
Amytal all of the electron transfer chain except the pyridine 
nucleotides would be oxidized (Fig. 23). This suggests that 
keeping pyridine nucleotides in the reduced form prevents the 
permeability changes responsible for swelling (see also Lehninger 
and Schneider (8)). 

If the reduced form of the pyridine nucleotides were the key to 
prevention of swelling, reoxidation of the pyridine nucleotides 
in the presence of an Amytal block should result in all of the 
carriers being in the oxidized form, and swelling should occur. 
However, even when the pyridine nucleotide was reoxidized 
experimentally, phosphate did not induce swelling. Another 
situation in which most of the pyridine nucleotide would be 
expected to be in the oxidized form (21) would be with dinitro- 
phenol aerobically, yet swelling does not occur (9). Lester et al. 
(33) have reported that the pyridine nucleotides shift to the 
oxidized form after a period with EDTA, which prevents swelling. 

These observations suggest that some factor other than the 
oxidation-reduction state of the pyridine nucleotide or any other 
electron carrier is involved. Perhaps active electron transfer 
with accompanying cyclic changes in the membrane creates a 
situation in which agents that induce swelling can produce their 
effect. In the presence of the electron transport blocking agents, 
carriers above the point of the block would be oxidized, and those 
below would be reduced, but there would be no active transport 
or electron flux and no swelling would occur. 

If this hypothesis is correct, feeding electrons into the chain 
above a block should result in swelling, if electron flux in the 
upper part of the chain is a critical factor in swelling. Succinate 
feeds electrons into the chain above the point of the Amytal 
block (23), and succinate produces swelling in the presence as 
well as in the absence of Amytal. Antimycin A and all inhibitors 
acting higher in the chain block succinate oxidation and suc- 
cinate-induced swelling. Very striking, then, is the fact that 
malonate inhibits succinate-induced swelling with relatively little 
effect on swelling induced by phosphate, 6-hydroxybutyrate, 
fumarate, malate, glutamate, or ascorbate. 

The fact that succinate induces swelling in the presence of 
Amytal eliminates the possibility that Amytal merely reacts 
with a key electron carrier (or other group) to produce a situation 
equivalent to reduction of that carrier or group. If this were the 
case Amytal should block succinate-induced swelling just as 
anaerobiosis, cyanide, azide, antimycin A and SN 5949 do. 

On the basis of the working hypothesis just outlined, sub- 
stances which could reduce cytochromes «, c, a, or a3 should 
produce swelling even in the presence of antimycin A, because 
they would feed electrons into the transport chain above the 
antimycin A block. Ascorbate was tested as a likely possibility. 
It is oxidized at a low rate by mitochondria (34, 35) without 
added cytochrome c, and coupled phosphorylation indicates 
that some electrons are entering the electron transport chain. 
Low concentrations of ascorbate produced swelling, as predicted, 
but the fact that antimycin A can completely block ascorbate- 
induced swelling in some preparations strongly suggests that 
electrons from ascorbate are passed to cytochrome 6}, either 
directly or via a flavoprotein. 

These experiments with electron flux in part of the electron 
transfer chain, with other sections blocked, point to the conclusion 
that the portion of the chain in which an electron flux may be 
essential for many agents to produce swelling includes cyto- 
chromes ag, a, ¢, 1, and b. 
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Fic. 22. Effect of dinitrophenol (DNP) on swelling induced by 
various agents. 8-OH-B, 8-hydroxybutyrate. 
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Fig. 23. Electron transport pathways and the site of action of 
various inhibitors in mitochondria (22). 


The fact that well established electron transfer chain inhibitors 
block so many different types of agents which produce swelling 
of liver mitochondria supports the working hypothesis that elec- 
tron transfer is important for setting up in the mitochondrial 
membrane a labile situation in which agents that cause swelling 
are able to produce their effect. This secondary change is 
catalyzed by a number of metal ions and other substances. It 
probably is oxidative in character, for anaerobiosis blocks the 
effect of metal ions and a number of other substances the action 
of which, so far as we know, is not directly related to electron 
transfer. 

According to the working hypothesis outlined, those substances 
which promote electron transfer should tend to promote swelling, 
but membrane changes responsible for swelling would actually 
occur only when certain conditions exist. Substances which 
inhibit electron transfer would block all swelling except for 
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substances with a fairly drastic direct action on the membrane 
structure. Substances like EDTA, which appears to have a 
direct stabilizing effect on the membrane, would block all swelling 
except that produced by organic solvents, detergents, lecithinases, 
lysolecithin, and so on. 

Various substrates should promote swelling. Most of them 
do, and their effect is nullified by blocking their oxidation. 
Secondary chelating or membrane-stabilizing effects may cause 
certain substrates to prevent swelling. Citrate certainly belongs 
in this class; oxaloacetate and pyruvate may belong here, since 
Tapley (10) has reported that they inhibit swelling. 

It seems very likely that the spontaneous swelling frequently 
seen is dependent on the endogenous substrates in the mito- 
chondria. The great variation in spontaneous swelling from one 
preparation to another may be due to different levels of endoge- 
nous substrates. Since isolated heart mitochondria exhibit 
much greater stability than liver mitochondria, it is interesting 
that Chance and Baltscheffsky (36) find strong indications that 
the former contain much less endogenous substrate. Cooper 
and Tapley (37) have reported that mitochondria from livers 
of rats fasted overnight are less sensitive to the swelling-produc- 
ing effects of thyroxine and digitonin. In our experiments, 
mitochondria aged for 24 hours at 0° became quite resistant to 
the swelling-producing effects of phosphate. This may be due 
to loss of endogenous substrates or cofactors or of both. Small 
temperature differences undoubtedly also contribute to the 
variability in spontaneous swelling (7). 

Phosphate appears to catalyze oxidative changes which occur 
in most preparations more slowly and spontaneously. Emmelot 
and Bos (38) have reached similar conclusions. Phosphate 
seems to increase the rate of swelling much more than the end 
point of swelling. The mechanism by which thyroxine causes 
swelling may be similar to that for phosphate-induced swelling. 
However, the action of phosphate and thyroxine is not identical. 
With the latter Tapley (10) has reported characteristic differ- 
ences in the end point with each concentration. 

Further work is necessary to define the nature of the action of 
phosphate and thyroxine. The most likely possibility appears 
to be stimulation of the rate of the membrane changes which 
occur secondary to electron transfer, either by catalysis (possibly 
as a metal complex) of the oxidation of some labile group, or by 
reaction with substances such as Mg++ or Mn++ in the membrane 
structure. Removal of such ions would render the membrane 
more labile. However, until investigated directly, stimulation 
of electron transfer from endogenous substrates cannot be ruled 
out. Lehninger (7) has pointed out that swelling produced by 
thyroxine is probably not related to uncoupling of phosphoryla- 
tion, but Chance (39) favors the view that its action is related 
to shifts in concentrations of energy-rich intermediates within 
mitochondria. Earlier Brenner-Holazach and Raaflaub (4, 27) 
concluded that ATP within the mitochondria fell to a low level 
before swelling began. Phosphate is known to release the pyri- 
dine nucleotide from mitochondria, but whether this is primary 
or secondary to swelling is not entirely settled. Conceivably, 
release of DPN from enzymes in the membrane could render the 
membrane more susceptible to oxidative change. 

It is well known that a number of metal ions which catalyze 
the oxidation of sulfhydryl groups, and reagents which react 
with sulfhydryl groups induce swelling (9, 18, 31). Moreover, 
certain other metal ions such as Mn++, which may form com- 
plexes with sulfhydryl groups without catalyzing their oxidation 
(40), prevent swelling. Reagents which react with sulfhydry] 
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groups tend to uncouple phosphorylation. By such an action 
they might promote electron transfer. Another possibility js 
that in the membrane structure, reaction of a sulfhydryl group 
with p-chloromercuribenzoate might be the equivalent of oxi- 
dation to a disulfide link as far as permeability is concerned, 
Arsenite and p-chloromercuribenzoate must act at somewhat 
different sites. The effect of arsenite is blocked by electron 
transport inhibitors. The action of p-chloromercuribenzoate 
is inhibited by cyanide (7) and EDTA, but not by antimycin 4 
or Amytal. 

EDTA, like anaerobiosis, protects against virtually every 
agent which produces swelling. It might act by chelating detri- 
mental metal ions in the medium, thereby preventing metal- 
catalyzed oxidative changes in the membrane. However, other 
chelating agents are usually less effective. It is more probable 
that most of the effect of EDTA is due to complex formation 
directly in the mitochondrial membrane. This membrane 
stabilization could result from complex formation with metals 
such as Mn** or from protection of a sulfhydryl group. 

Mg** and Mn** might inhibit swelling by inhibiting electron 
transfer under the conditions of these experiments. Chance and 
Williams (21) observed inhibition of succinate oxidation by Mg++ 
when ADP was absent. However, there is a good possibility 
that the protective effects of EDTA, dinitrophenol, Mg**, and 
Mn** are at sites one or more steps removed from electron 
transfer itself. Cyclic changes occurring during electron transfer 
may create the situation in which the physical-chemical shifts 
responsible for swelling can occur, but the actual shifts may be 
blocked by the direct action of certain substances without any 
effect on electron transfer. 

Dinitrophenol blocks swelling produced by phosphate, sulfite, 
and several substrates. With the uncoupling by dinitrophenol 
there should be a rapid transfer of electrons from substrate to 
oxygen, and promotion of swelling would be predicted. There- 
fore, if the active electron transfer hypothesis is correct, dinitro- 
phenol must have a protective effect which supersedes its un- 
coupling effect. 

There are several possible mechanisms by which dinitrophenol 
might produce its protective effect. One would at first think 
that the uncoupling action of dinitrophenol or the shift of elee- 
tron carriers toward the completely oxidized state must be related 
to prevention of swelling. However, on this basis all potent 
uncoupling agents should produce a similar effect. This does 
not seem to be the case (7, 10). Actual inhibition of electron 
transfer under the conditions of these experiments is a possibility 
but seems unlikely. Dinitrophenol may interrupt the series of 
reactions responsible for the labile state of the membrane and 
keep the steady state concentrations of structures or groups in the 
labile form at such a low concentration that the oxidative changes 
in the membrane do not occur. Uncouplers like gramicidin may 
act at a somewhat different site in the reaction sequences and 
not produce the same result. The fact that dinitrophenol does 
not block swelling induced by ascorbate and GSH suggests that 
it does not act by the same direct membrane-stabilizing effect as 
EDTA. 

Obviously there are two kinds of swelling. The work with 
ascorbate and GSH indicates either a completely different mecha- 
nism of swelling or a second mechanism superimposed on the 
first. Both types of swelling are dependent on the presence of 
oxygen. Similarity is indicated by the fact that anaerobiosis, 


EDTA, and antimycin A can block ascorbate-induced swelling. 
On the other hand, the shapes of the swelling curves are different, 
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and dinitrophenol and Amytal do not block swelling produced 
by ascorbate. The first type of swelling must be due to increased 
permeability, but it stops without osmotic rupture when the 
membrane becomes quite permeable. The second type of 
swelling (more accurately optical density change) might result 
from rupture of links holding subunits together in the mito- 
chondrial membrane. If the action of antimycin A is specific 
for electron transfer, the second type of structural change is 
either dependent on electron transfer or cannot occur until the 
first type of change has preceded it. Since auto-oxidation of 
ascorbate may give rise to H,O», this must not be overlooked as 
a possible cause of some of the effects. 

The unexpected finding that high concentrations of ascorbate 
block swelling induced by low concentrations of ascorbate re- 
quires an explanation. This protective effect applies only to 
the type of swelling seen with ascorbate and glutathione. There- 
fore the general phenomena of inhibition of electron transport or 
direct stabilization of the membrane are not the explanation. 
The most likely explanation for the action of high concentrations 
of ascorbate is complex formation with some metal or group es- 
sential to make manifest the effect of low concentrations of 
ascorbate. 

Substantial arguments favor the concept that electron transfer 
inhibitors block mitochondrial swelling by their inhibition of 
electron transport. However, although many of these sub- 
stances are considered to be almost completely specific for their 
best known action, possible alternative explanations of their 
action should be examined. The almost universal protective 
effect of EDTA raises the question whether most or all of the 
substances which prevent swelling do so by virtue of chelation 
or complex formation. 

Simple chelation of detrimental ions is probable for citrate, 
8-hydroxyquinoline and o-phenanthroline. The latter two 
substances are especially effective in blocking the effect of 
ascorbate and GSH. Although some chelating potential is rec- 
ognizable in cyanide, azide, antimycin A, SN 5949 and Amytal, 
it seems unlikely that they would all chelate free metals in the 
same degree and at the same concentrations at which they first 
achieve complete block of electron transport. It also seems 
unlikely that all these agents would form complexes with the 
same groups in the mitochondrial membrane. The fact that 
some of them interact with the metals in electron transport 
enzymes is well known, and in the proposed hypothesis this would 
be the very basis of their action. Furthermore, it is unlikely that 
malonate would form a protective complex when succinate was 
the substrate and not when 6-hydroxybutyrate, glutamate, or 
phosphate was causing the swelling. The converse is true for 
Amytal. 

We do not know much about the action of dinitrophenol and 
Dicoumarol, but simple chelation of detrimental metals seems 
unlikely in view of the fact that dinitrophenol does not block 
the action of low concentrations of ascorbate and GSH. How- 
ever, there is the possibility that marked differences in chelating 
activity by uncoupling agents would explain why some inhibit 
swelling and others do not. 

The apparently intimate association of mitochondrial swelling 
with changes in the electron transfer chain and the interesting 
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effect of dinitrophenol raise the question whether the mecha- 
nisms of swelling are not closely related to the mechanisms for 
oxidative phosphorylation coupled to electron transfer, dinitro- 
phenol-activated ATPase, and the H;PO,-ATP exchange reac- 
tions. Lehninger (7) has also pointed out such possible relation- 
ships. Only recently has the study of the effect of electron 
transport inhibitors on some of these reactions been undertaken 
(7, 32, 41, 42). 

The idea that either the state or the activity of the respiratory 
chain influences the permeability of the mitochondrial membrane 
is an intriguing one. More information about such effects should 
provide us with some knowledge about the structure of the 
mitochondrial membrane. Since liver mitochondria vary in their 
sensitivity to swelling-producing agents with various metabolic 
and disease states (43), changes in the membrane in different 
circumstances should be studied. 

The hypothesis discussed in this paper brings into a plausible 
framework the action of many substances which cause swelling 
of isolated mitochondria. However, it is difficult to fit some 
observations into this framework. Much more information is 
needed. Many of the points raised can be investigated by direct 
experimentation. 


SUMMARY 


It is suggested that active electron transfer between substrates 
and oxygen is a prerequisite for swelling of isolated rat liver mito- 
chondria suspended in 0.33 m sucrose + 0.025 m tris(hydroxy- 
methyl)aminomethane buffer, pH 7.4, at 22-24°. 
tion is based on the following findings. 

1. Swelling is promoted by the addition of many substances 
dependent on diphosphopyridine nucleotide-linked enzymes for 
their oxidation. 

2. This swelling is prevented by inhibitors of electron transfer 
between pyridine nucleotides and oxygen (Amytal, antimycin 
A, SN 5949, NaN;, and NaCN). 

3. Succinate induces swelling in the presence of an Amytal 
block of the electron transport chain. It is well known that 
succinate feeds electrons into the electron transport chain above 
the point of Amytal inhibition. Malonate is fairly specific for 
blocking succinate-induced swelling. 

4. Reoxidation of the pyridine nucleotides in the presence of 
an Amytal block does not result in swelling. 

5. Swelling induced by inorganic phosphate and several other 
substances behaves as though it were dependent on oxidation of 
endogenous substrates. 

Ascorbate, glutathione and cysteine produce a different type 
of swelling or disintegration of structure. 

Possible mechanisms for relating the action of ethylenediamine- 
tetraacetate, 2,4-dinitrophenol, Mn**, and other substances to 
the proposed hypothesis are discussed. 


This sugges- 


Addendum—After this manuscript had been submitted, the 
letter of J. B. Chappell and G. D. Greville (Nature, 182, 813 
(1958)) came to our attention. Using experiments of a slightly 
different design, they reached conclusions similar to a number of 
those presented here. 
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L-Thyroxine and related thyroactive compounds cause rapid 
swelling of liver and kidney mitochondria suspended in buffered 
media (1-8), an effect which may have physiological significance 
(2-5, 9). The possibility that thyroxine-induced swelling of 
mitochondria can be reversed by enzymatic reactions, particu- 
larly those associated with respiration and phosphorylation, is a 
matter of some interest since a growing body of evidence now 
indicates that the volume and morphological configuration of the 
mitochondrion is a reflection of a dynamic balance between up- 
take and extrusion of water (5, 9-11). 

Although earlier efforts to demonstrate reversal of thyroxine- 
induced swelling of rat liver mitochondria by adenosine triphos- 
phate were not successful (2, 5, 6), a recent communication from 
this laboratory showed that ATP readily reverses thyroxine- 
induced swelling in a medium of buffered isotonic KCl but is not 
effective in the buffered sucrose medium which has usually been 
used in swelling experiments (5). The inhibitory action of su- 
crose on mitochondrial contraction was suggested to be related 
to the finding that sucrose inhibits an intermediate reaction of 
oxidative phosphorylation (5, 12-15). In an abstract, Chappell 
and Greville (16) have independently noted reversal of thyroxine- 
induced swelling in a KC] medium. 

This paper reports a more detailed study of the action of ATP 
in causing reversal of thyroxine-induced swelling of rat liver 
mitochondria, the quantitative relationships between water ex- 
truded and ATP utilized, and the relationship of intermediary 
reactions of the energy-coupling mechanism to the contractile 
process. 


EXPERIMENTAL 


Methods—Mitochondria were isolated by the method of Schnei- 
der (17) from the livers of Wistar strain male albino rats weighing 
from 150 to 250 gm. which were fed ad libitum. The homogeniz- 
ing medium was 0.25 m sucrose and a Potter-Elvehjem type 
homogenizer with smooth glass tube and Teflon pestle was used. 
The mitochondria were washed 3 times with cold 0.25 m sucrose 
and then made up in a stock suspension in 0.25 m sucrose so that 
1.0 ml. contained the mitochondria derived from 1.0 gm. of whole 
liver. The stock suspension was kept in ice and used within 3 
to 4 hours after preparation. 

The swelling and reversal experiments were carried out in 
matched 15  100-mm. tubes containing ordinarily 5.0 ml. of 


* Supported by grants from the National Science Foundation, 
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0.125 m KCI-0.02 m Tris buffer, pH 7.4, with various other addi- 
tions as shown in the legends of Figs. 1 to 12 and Table 1. The 
swelling was usually induced by the presence of 1 x 10-5 m L- 
thyroxine (gift of Dr. A. E. Heming, Smith, Kline and French 
Laboratories, Philadelphia) in the medium. Additions of the 
stock suspension of mitochondria were made last, the aliquot 
being chosen to give an initial absorbancy of 0.5 to 0.6 at 520 
my. The tubes were incubated at 20° in a water bath; an 
earlier study showed the critical dependence of swelling rate 
on temperature (5). At given times tubes were quickly re- 
moved from the bath, wiped dry, and the absorbancy read at 
520 my in a Beckman Model B spectrophotometer. When 
colored reagents were used appropriate wave lengths were 
chosen to avoid their absorption maxima. Additions of ATP 
and other reagents during the course of incubation were made in 
very small volumes (~0.05 ml.) of concentrated solutions to 
minimize absorbancy changes caused by dilution. The optical 
absorbancy of mitochondrial suspensions has been shown to bear 
definite relationships to the water content of the mitochondria 
(10, 11, 18-20). Direct gravimetric measurements of changes in 
intramitochondrial water were made by the general procedure of 
Price et al. (10, 11) as refined by Werkheiser and Bartley (20). 
All reagents used were of highest commercial quality. 


Experimental Findings 


Direct Gravimetric Measurement of Water Extrusion from Thy- 
roxine-swollen Mitochondria by ATP—In a preceding study (5) 
the reversal of thyroxine-induced swelling of rat liver mitochon- 
dria by ATP was followed by simple photometric measurement 
of optical absorbancy of the mitochondrial suspensions. Al- 
though the photometric method has been found to correlate well 
with actual measurements of mitochondrial diameters (18, 19) 
and with direct gravimetric measurement of water content 
(10, 11, 20) it was considered necessary to establish more directly 
that the increase in optical density occurring when ATP is added 
to thyroxine-swollen mitochondria is in fact caused by extrusion 
of water from the mitochondria. 

The typical data in Table I compare the optical method with 
the direct gravimetric measurement of water content (10, 11, 20). 
It is seen that the decrease in optical absorbancy of the mito- 
chondrial suspension on exposure to thyroxine corresponds to a 
substantial gain in water content of the mitochondria. On addi- 
tion of ATP to the thyroxine-swollen mitochondria, the optical 
absorbancy increases again, approaching the original level. Cor- 
respondingly, the directly measured water content of the mito- 
chondria also decreases to approach the original water content 
before thyroxine-induced swelling. It may, therefore, be con- 
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TaBLeE I 
Direct gravimetric measurement of water extrusion by ATP 


Rat liver mitochondria were added to 6.0 ml. of 0.125 m KCl- 
0.02 m Tris buffer pH 7.4 containing 3 X 10-5 m L-thyroxine in 
tared centrifuge tubes and incubated at 20°. Simultaneously, the 
optical absorbancy changes at 520 my on an aliquot of the system 
was measured using 1.0-cm. cells equipped with quartz ‘“‘spacers”’ 
to produce a light path of 1.0mm. When the absorbancy changes 
indicated thyroxine-induced swelling was substantially complete, 
the mitochondria of one tube were centrifuged and the mitochon- 
drial wet weight and dry weight determined (10, 11, 20). To the 
other tubes and to the optical system a final concentration of 
0.01 m ATP was then added. When the optical absorbancy had 
returned toward the zero time value before thyroxine-induced 
swelling, the mitochondria were centrifuged out and wet weight 
and dry weight determined. Mitochondrial weights given were 
corrected for adhering extramitochondrial water. 





























; J Optical | Corrected a 
yo eg Condition of mitochondria peony 8 a RF Ase ) =, 
520 mu | chondria sey 
= —— }| —_____| — 
| log I,/I mg. % pmoles 
1 Initial 0.540 | 11.0 | 30.0 
Swollen by thyroxine | 0.230 | 19.8 | 16.6 | +489 
Contracted by ATP 0.430 | 11.8 | 27.9 | —444 
2 | Initial 0.565 | 9.1 | 26.4 | 
Swollen by thyroxine | 0.195 | 24.8 | 11.7 +872 
Contracted by ATP | 0.395 | 14.0 | 20.7 | —600 
| | 
3 Initial | 0.615 17.8 | 24.5 
Swollen by thyroxine | 0.220 | 26.5 | 16.5 | +483 
Contracted by ATP 0.510 | 20.3 | 21.5 | —344 
4 | Initial | 0.575 | 22.0 | 25.2 
Swollen by thyroxine | 0.210 | 34.2 | 16.2 +67 
Contracted by ATP | 0.455 | 22.5 | 24.6 | —650 





cluded that the increases in optical absorbancy of suspensions of 
thyroxine-swollen mitochondria brought about by ATP repre- 
sent actual extrusion of intramitochondrial water. Such meas- 
urements also permit direct calculation of the amount of water 
transported and its relation to the amount of ATP added. For 
example, in the experiment of Table I, addition of 60 umoles of 
ATP to the thyroxine-swollen mitochondria caused extrusion of 
as much as 650 umoles of HO from the mitochondria. Experi- 
ments described below correlate quantitatively the magnitude of 
the water extrusion with the enzymatic hydrolysis of ATP. 
Effect of Suspending Medium on Contraction of Mitochondria by 
ATP—Thyroxine-induced swelling of rat liver mitochondria was 
found to be readily reversed by ATP in a medium of buffered 
0.15 m KCl but not in a medium of 0.25 m sucrose (5). The 
following experiments were carried out to determine the optimal 
medium to demonstrate the reversal. In Fig. 1 is shown the 
effect of varying the KCl concentration in the medium, keeping 
the Tris buffer constant at 0.02 m pH 7.4, on the mitochondrial 
swelling induced by 1 X 10-® m L-thyroxine and its reversal by 
0.001 m ATP. It is seen that the swelling rate is highest at low 
concentrations of KCl and decreases with increasing KCl con- 
centration, being least rapid in a medium of 0.45mM KCl. At the 
lower concentrations of solute a large component of the swelling 
is of course a result of low tonicity alone (2, 5). Addition of 
ATP to the swollen mitochondria at the times shown caused 
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reversal of swelling at all concentrations of KCl except in the 
medium of 0.45 m KCl. The extent of restoration of the ab- 
sorbancy of the suspensions by ATP to the initial absorbancy 
was greatest in a medium of approximately 0.15 m KCl, whereas 
the initial rate of contraction by ATP was greatest in a medium 
of 0.02 m to 0.10 m KCl. From such experiments, with the 
use of the two criteria of initial rate of reversal and final eztent 
of reversal, it was found that a medium of 0.125 m KCI-0.02 y 
Tris-HCl buffer pH 7.4 was approximately optimal for the ac- 
tion of ATP. 

It is remarkable that substantial reversal of swelling by ATP 
could be observed when mitochondria were suspended in un- 
buffered distilled water containing 1 X 10-°m thyroxine; separate 
experiments showed that such mitochondria do not respire, 
largely because of lack of diphosphopyridine nucleotide (DPN) 
(cf. 5, 6). 

Experiments in Fig. 2 demonstrate that reversal of thyroxine- 
induced swelling by ATP takes place with about the same effec- 
tiveness in a medium of 0.15 m NaClasin0.15m KCl. However, 
the rate is much lower in 0.15 mM NH,Cl. In 0.15 m LiCl, thy- 
roxine-induced swelling is very slow and addition of ATP fails to 
halt it, but after some 10 minutes exposure to ATP, reversal 
occurs suddenly. The experiments suggest some specificity 
among the alkali metal ions as supporting solutes for the reversal 
reaction. 

Effect of Sucrose on Contraction and Swelling—The following 
experiments examine in a more quantitative manner the effect 
of graded sucrose additions to a medium of 0.125 m KCI-0.02 u 
Tris pH 7.4 on thyroxine-induced swelling and its reversal by 
ATP. 
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Fig. 1. Effect of KCl concentration on mitochondrial con- 
traction by ATP. The test system contained 0.02 m Tris-HCl 
pH 7.4 and KCl concentrations shown, and 1.0 X 10-5 m L-thy- 
roxine. Mitochondria added last at time zero. At time shown 





by arrow ATP was stirred in rapidly to make final concentration 
of 1 X 10-5 m. Further readings were made at time intervals 
shown. 
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Fig. 3 shows that sucrose added to the basal medium inhibits 
thyroxine-induced swelling, with 0.1 m sucrose causing some 60 
per cent inhibition. It is of interest that 0.3 m sucrose inhibits 
almost completely the swelling induced by 1 X 10-* m thyroxine, 
in view of the fact that media containing 0.3 m sucrose (5) or 
even higher concentrations (2), have been used in the past in 
experiments on thyroxine-induced swelling, although ordinarily 
with much higher concentrations of thyroxine (1 xX 10-5 m). 
The inhibition of thyroxine-induced swelling by sucrose in a 
KCl medium shown here thus provides an explanation for the 
finding that mitochondria are far more sensitive to the swelling 
action of thyroxine in saline media than in sucrose media (5). 

In Fig. 4 is shown the effect of adding sucrose, together with 
ATP, to mitochondria swollen by thyroxine in a medium of 
0.125 m KCI-0.02 m Tris. It is seen that all concentrations of 
sucrose added are inhibitory to the contraction effect produced 
by ATP; about 50 to 60 per cent inhibition was produced by 0.1 
m sucrose. The swelling and contraction of mitochondria thus 
seem to be about equally sensitive to the inhibitory action of 
sucrose, suggesting a common denominator in these two events. 

The inhibition of ATP-induced water extrusion by sucrose is 
evidently reversible, as is the inhibition of mitochondrial swelling 
by sucrose (5). When mitochondria are suspended in 0.8 m 
sucrose, a medium which completely prevents thyroxine-induced 
swelling or ATP-induced contraction, and then recovered by 
centrifugation and resuspended in 0.125 m KCl-0.02 m Tris pH 
7.4, they swell in the presence of added thyroxine and the swelling 
is reversed by ATP. 

Effect of ATP Concentration—Reversal of thyroxine-induced 
swelling readily occurs with concentrations of ATP between 
0.0005 m and 0.05 m (Fig. 5); at 1 x 10-4 m ATP contraction 
was only occasionally observable. The rate of contraction in- 
creases with ATP concentration and appears to be maximum at 
about 0.01 m. After the rapid contraction produced by the 
higher concentrations of ATP, the optical density is maintained 
constant for 30 to 60 minutes. At lower concentrations of ATP 
the contracted state often is not maintained, and the mitochon- 
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Fic. 2. Effect of alkali metal cations. Test system contained 
0.02 m Tris-HCl pH 7.4 with 0.15 m concentrations of NaCl, KCl, 
LiCl, and NH,Cl as shown. Thyroxine was added at 1.0 X 10-5 
M; ATP at 1 X 107? M. 
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Fic. 3. Inhibition of thyroxine-induced swelling by sucrose. 
The medium was 0.125 m KC1-0.02 m Tris pH 7.4 containing 1 X 
10-* m L-thyroxine to which the indicated additions of sucrose 
were made. 
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Fic. 4. Inhibition of ATP reversal by sucrose. The medium 
was 0.125 m KCl-0.02 m Tris pH 7.4 containing 1 X 10-° m L-thy- 
roxine. At time shown, 0.005 m ATP was added, together with 
final concentrations of sucrose shown. 


dria “reswell.” Experiments described below indicate that 
“reswelling”’ occurring with low concentration of ATP may be 
due to removal of ATP by ATPase activity. 

Failure of ATP to Reverse Spontaneous Swelling—ATP is able 
to reverse swelling caused by thyroxine up to about 3 xX 10-° M, 
a concentration which produces a maximal swelling rate, as is 
shown by the experiments in Fig. 6. There was no reversal of 
swelling produced by higher thyroxine concentrations. How- 
ever, the rather unexpected finding was made that ATP does 
not cause reversal of mitochondrial swelling when thyroxine is 
omitted entirely, i.e. ATP does not reverse the spontaneous 
swelling of mitochondria which occurs in a medium of 0.125 m 
KCl. 
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The typical experiment in Fig. 7 shows this important 
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Fic. 5. Effect of ATP concentration on reversal of swelling. 
Medium was 0.15 m KCl-0.02 m Tris-HCl pH 7.4, containing 1.0 X 
10-5 m L-thyroxine. ATP was added at time shown to give the 
indicated final concentrations. 
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Fic. 6. Effect of thyroxine concentration on reversal by ATP. 
Test medium was 0.15 m KCl1-0.02 m Tris pH 7.4, containing con- 
centrations of L-thyroxine (T4) shown. ATP (1 X 10-3 o final 
concentration) was added at times shown. 


difference clearly. It may be suggested that thyroxine-induced 
and spontaneous swelling of mitochondria are not similar in 
origin or kind in the KC] medium, contrary to an earlier sugges- 
tion based on their behavior in sucrose media (5). It will be 
shown elsewhere that reversal of spontaneous swelling and also 
swelling produced by agents other than thyroxine (5, 21, 22) 
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have somewhat different properties and requirements than rever- 
sal of thyroxine-induced swelling. 

Stability of Contractile System—In the standard test medium 
at 20° the presence of 1 10-5 m thyroxine ordinarily causes 
very rapid swelling of mitochondria which approaches a limiting 
absorbancy value within about 10 to 15 minutes (5). In the 
experiment of Fig. 8 the time of addition of ATP to mitochondria 
completely swollen by thyroxine was varied to determine how 
long the mitochondria could remain in the swollen state at 20° 
and still contract on addition of ATP. Rapid reversa] of the 
swelling, after addition of ATP, took place at all times tested, 
for as long as 3 hours at room temperature following institution 
of swelling by thyroxine. It is remarkable that the ability to 
contract with ATP was retained for such a long interval, since 
thyroxine-treated mitochondria kept under these conditions have 
completely lost their ability to oxidize glutamate and 6-hydroxy- 
butyrate and no longer catalyze the exchange reaction between 
ATP and labeled inorganic orthophosphate (5, 6). 

Specificity of ATP—Experiments in Fig. 9 show that ATP 
appears to have absolute specificity in causing reversal of mito- 
chondrial swelling. No activity was shown by cytidine triphos- 
phate, uridine triphosphate, guanosine triphosphate, or inosine 
triphosphate. Earlier experiments had shown that neither ADP 
nor adenosine 5’-phosphate are effective (5). No other sub- 
stances pertinent to respiration and phosphorylation have been 
found to cause reversal of swelling when tested singly. These 
included 0.01 m ethylenediaminetetraacetate, 0.005 m MnCl, 5 X 
10-5 m 2,4 dinitrophenol, 5 x 10-5 m Dicumarol, 1 XK 10-> m 
gramicidin, 0.003 m DPN, 0.001 m cyanide, 0.0018 m sodium 
amytal, 1.0 ug. of antimycin A, serum albumin (1 mg. per ml.), 
0.001 m coenzyme A, 0.001 m phosphate, 1 x 10-5 m cytochrome 
c, 0.01 m glutamate, and 0.01 m 8-hydroxybutyrate. 

Effect of Uncoupling Agents and Respiratory Inhibitors on ATP- 
induced Contraction—Several agents were found capable of in- 
hibiting the reversal of swelling by ATP. In Fig. 10 are shown 
the effects of some agents known to uncouple oxidative phos- 
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Fic. 7. Failure of ATP to reverse spontaneous swelling. At 30 


minutes 1 X 10-?m ATP was added to mitochondria undergoing 
spontaneous swelling in 0.125 m KCl-0.02 m Tris (no thyroxine 
added) and to mitochondria in which swelling was accelerated by 
1 X 10-5 m L-thyroxine. 
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phorylation. It is seen that ATP-induced reversal is inhibited 
by azide, Dicumarol, arsenate, p-chloromercuribenzoate, and 
gramicidin, at concentrations which are known to uncouple oxi- 
dative phosphorylation essentially completely. On the other 
hand, it is highly significant that 2,4-dinitrophenol does not 
inhibit ATP-induced reversal of thyroxine swelling significantly 
at concentrations which would uncouple oxidative phosphoryla- 
tion essentially completely This result has been observed re- 
peatedly; it contrasts with the inhibitory action of dinitrophenol 
in respiration-induced reversal of mitochondrial swelling observed 
by Price et al. (10, 11). 

In Fig. 11 are shown experiments on three respiratory inhibi- 
tors tested at concentrations known to produce complete inhibi- 
tion of the respiratory chain (cf. (5)). It is seen that cyanide 
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Fic. 8. Time of addition of ATP to swollen mitochondria. 
Test systems contained 0.15 m KCl-0.02 m Tris pH 7.4, 1 x 10-5 
M L-thyroxine, and mitochondria. ATP was added to separate 
but identical tubes at the points shown in the swelling curve, 
producing at each time tested a prompt contraction. The con- 
tinuous curve shows the course of swelling induced by thyroxine 
(no ATP added); the dotted line shows the rate of spontaneous 
swelling in the absence of thyroxine and ATP. 
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Fic. 9. Specificity of ATP. Test systems of 0.125 m KCI-0.02 m 
Tris-HCl pH 7.4 contained 1.0 X 10-§ m L-thyroxine. Nucleoside 
5’-triphosphates indicated added at time shown to give final con- 
centration of 2.5 X 10-* mM. 
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Fic. 10. Effect of uncoupling agents on contraction by ATP. 
Test medium was 0.125 m KC1-0.02 m Tris-HCl pH 7.4, containing 
1.0 X 10-' mM L-thyroxine. At time shown 5 X 10-* mM (final) ATP 
was added, either alone, or with 5 X 10-* m dinitrophenol (DNP), 
5 X 10°? m sodium arsenate, 1 X 10-§ m Dicumarol, 0.002 m sodium 
azide, 1 X 10-5 m gramicidin, or 1 X 10-* m p-chloromercuriben- 
zoate (PCMB) as shown (concentrations given are those in com- 
plete medium). 
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Fic. 11. Effect of respiratory inhibitors on contraction by ATP. 
Medium was 0.125 m KC1-0.02 m Tris-HCl pH 7.4, containing 1 
10-5 m t-thyroxine. At time shown, 5 X 10-*m ATP was added 
either alone or with 1 X 10-? m NaCN, 0.0018 m sodium amytal, or 
0.12 ug. of m antimycin A (anti-A) per ml., as shown (concentra- 
tions are those in complete medium). 
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Fig. 12. ATPase activity and water extrusion. For gravi- 
metric estimations of water exchanges, rat liver mitochondria 
were added at zero time to tared centrifuge tubes containing 6.0 
ml. of 0.125 m KC1-0.02 m Tris pH 7.4 and 3 X 10-* m L-thyroxine. 
At time shown, 60 wmoles of ATP were added. Gravimetric 
estimations of water content were made at times indicated by 
points A, B, C, and D. Simultaneously, measurements of the 
optical changes at 520 mu were made in a cell with 1.0-mm. light 
path to give the record shown; the mitochondrial system was 
exactly that used in the tubes for the gravimetric analysis. After 
addition of ATP, aliquots of another identical tube were removed, 
fixed with trichloroacetic acid and inorganic phosphate formation 
from ATP determined colorimetrically. Calculations of amounts 
of ATP split which are shown on figure were based on the as- 
sumption that 1 mole of ATP was hydrolyzed per mole of inor- 
ganic phosphate formed. 


and antimycin A have no significant effect on ATP-induced 
contraction of thyroxine-swollen mitochondria, and this finding 
indicates that mitochondrial contraction by ATP can proceed 
independently of respiration and oxidation. On the other hand, 
freshly prepared sodium amytal repeatedly caused inhibition of 
the ATP-induced reversal. This finding is of some interest since 
all three respiratory inhibitors prevent the swelling action of 
thyroxine in sucrose media (5, 23). 

Effect of Other Agents on ATP Reversal—A number of agents 
other than uncouplers or respiratory inhibitors were tested for 
their ability to affect the rate and extent of the reversal of thy- 
roxine-induced swelling by ATP. The following substances were 
found to inhibit mitochondrial contraction when added simul- 
taneously with ATP in experimental conditions such as shown in 
Figs. 10 and 11: 0.005 m CaCl: (completely), 0.002 m DPN (60 
per cent), 1 X 10-4 m sodium oleate (100 per cent), and 5 x 10-5 
M stilbestrol (100 per cent). The inhibition by Ca*+ is not sur- 
prising since Cat++ is known to cause swelling itself (2, 24). 
Stilbestrol, on the other hand, prevents thyroxine-induced swell- 
ing (8). The somewhat inhibitory action of DPN in this system 
contrasts with the finding of Price et al. (10, 11) that the presence 
of DPN was necessary to observe maximal mitochondrial con- 
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traction in respiring systems which did not contain thyroxine; 
the failure of DPN to stimulate ATP-induced reversal in these 
experiments is consistent with the independence of this process 
from respiration as revealed by the experiments on respiratory 
inhibitors above. It seems probable that DPN was required in 
the experiments of Price et al. (10, 11) because their medium 
contained phosphate, a swelling agent which causes loss of mito- 
chondrial DPN (25). Addition of DPN would thus restore respi- 
ration, which is necessary to generate ATP required for the con- 
traction. 

Neither 0.005 m Mn** nor Mg** enhanced the action of ATP; 
in fact Mn**+ was definitely inhibitory, a surprising result in 
view of the stabilizing action of Mn++ on mitochondria (26). 
On the other hand, bovine serum albumin (1 mg. per ml.) and 
ethylenediaminetetraacetate (0.001 m) were found occasionally 
to enhance the action of ATP. 

Quantitative Relationship between Water Extrusion and ATPase 
Activity—The preceding experiments demonstrate a definite re- 
lationship between extrusion of water from thyroxine-swollen 
mitochondria and the presence of ATP. In the following experi- 
ment the absolute amount of the water exchange was measured 
by the direct gravimetric method in experiments where mito- 
chondria were swollen by the action of thyroxine and then con- 
tracted again by ATP. Simultaneously, the amount of inorganic 
phosphate formed from the added ATP was measured during the 
active contraction and also during the following stationary phase 
in which the mitochondria remained contracted. Data of a 
typical experiment are summarized in Fig. 12, which shows that 
during thyroxine-induced swelling, some 780 umoles of water 
entered the mitochondria from the medium. Following addition 
of 60 umoles of ATP, the mitochondria contracted with the ex- 
trusion of about 650 umoles of water. Simultaneous with the 
extrusion of water, inorganic phosphate was formed from ATP 
at a rate which paralleled the rate of extrusion of water as meas- 
ured optically or gravimetrically. When the mitochondria 
reached the contraction plateau, 1.65 umoles of inorganic phos- 
phate had been formed from the ATP during the extrusion of 
650 wmoles of H.0, or a ratio of 390 moles of H:O extruded per 
mole of inorganic phosphate arising by hydrolysis of ATP. In 
a series of such experiments this ratio varied from 205 to 460 
moles of water extruded per mole of inorganic phosphate ap- 
pearing from ATP. 

The findings in Fig. 12 show that hydrolysis of ATP occurred 
during the contraction phase but that no further hydrolysis oc- 
curred after the mitochondria had reached a stationary con- 
tracted state. This cessation of ATPase activity following con- 
traction of the mitochondria to an approximately stationary 
state was seen in most of the nine experiments of this type 
carried out; in others, however, ATPase activity continued during 
the stationary state at about the same rate as during the active 
contraction phase. 

DISCUSSION 

Significance of Composition of Medium in Studies of Mito- 
chondrial Swelling and Contraction—Most studies of mitochon- 
drial swelling have been carried out in media containing sucrose 
or similar solutes such as mannitol (27), on the presumed basis 
that these solutes are relatively impermeant through the mito- 
chondrial membrane and provide osmotic maintenance of mito- 
chondrial structure. This supposition does not seem tenable, 


since Werkheiser and Bartley (20) have shown that the mito- 
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chondrial water is already 60 per cent penetrated by sucrose 
during centrifugal isolation of mitochondria from sucrose ho- 
mogenate at 0°. The finding that sucrose is inhibitory to both 
mitochondrial swelling and contraction, as well as to an inter- 
mediate step in oxidative phosphorylation (12-15) has suggested 
an alternative rationale (5) for the efficacy of sucrose solutions 
in preserving mitochondrial morphology during isolation, namely 
that sucrose acts as a reversible “fixative” or inhibitor of the 
enzyme(s) concerned in shape and volume changes. Although 
it is at present difficult to exclude completely the possibility that 
these effects of sucrose are osmotic in nature, it is significant that 
sucrose at 0.3 mM and above is inhibitory to intermediate reactions 
of oxidative phosphorylation in submitochondrial fragments 
which are presumably much less susceptible, if at all, to osmotic 
effects. 

This suggests that the inhibition may be caused by some spe- 
cific chemical feature of sucrose and other polyhydroxylic mole- 
cules rather than by its action as a nonspecific solute. Further- 
more, other experiments show that inhibition of contraction is 
not given by iso-osmotic concentrations of simple alcohols and 
other neutral molecules; the results of these studies will be pub- 
lished. 

These effects of sucrose, which are reversible, thus make it an 
ideal supporting solute for isolation and preservation of mito- 
chondria, but less favorable for studies of mitochondrial swelling 
and contraction. 

Relationship to Earlier Studies—The observations described 
here also provide some indication as to why earlier studies of 
water extrusion in mitochondria indicated it to be very labile 
and evanescent in nature. The comprehensive and painstaking 
studies of Price et al. (10, 11), in which water extrusion from 
mitochondria was observed to take place during respiration, used 
very complex media containing a mixture of agents, some of 
which are now known to contribute to swelling, some to con- 
traction, and others to the inhibition of these processes. For 
example, the medium most often used in their study contained 
inorganic phosphate, Mg**, nucleotides, oxidizable substrates, 
and sucrose. Of these agents, the Mg**, nucleotides, and sub- 
strates would contribute to contraction by making possible respi- 
ration-coupled synthesis of ATP. On the other hand, inorganic 
phosphate would promote swelling and sucrose would be in- 
hibitory to both swelling and contraction. Thus it is evident 
that reversal of swelling in such a system would depend critically 
on a complex balance of factors. 

In contrast, the present study indicates that in a KCI-Tris 
medium neither oxidative phosphorylation nor respiration is 
necessary for contraction of thyroxine-swollen mitochondria if 
ATP specifically is present; no other agent seems necessary in 
the medium or accelerates the action of ATP. Although one or 
more of the intermediate reactions of energy-coupling may be 
involved in the contraction of thyroxine-swollen mitochondria, 
the complete coupling mechanism certainly is not involved in 
view of the fact that dinitrophenol does not affect the contrac- 
tion by ATP. It is significant that these nonrespiring conditions 
resemble those under which Chappell and Perry (27) and Price 
et al. (10, 11) were able to observe a limited degree of contrac- 
tion of pigeon breast muscle mitochondria. 

Various Types of Mitochondrial Swelling and Requirements for 
Reversal—It is now known that a number of agents in addition 
to thyroxine cause mitochondrial swelling; these include inor- 
ganic phosphate (25, 28), hypotonicity of the medium (2, 5, 18, 
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19, 28), Ca** (2, 24, 28), reduced glutathione (22), as well as 
unphysiological agents such as heavy metals (2), phloridzin (21), 
some detergents (29), and carbon tetrachloride (30). There is 
now evidence that at least some of these agents may differ in the 
mechanism by which they initiate swelling and in the morpho- 
logical changes produced (5, 22). Similarly, it seems very prob- 
able that the cofactor requirements for producing active water 
extrusion and its mechanism may differ depending on the agent 
causing the swelling. For example, a comparison of thyroxine- 
induced and glutathione-induced swelling showed that ATP alone 
could not reverse swelling produced by glutathione (22). In 
addition, in this paper it is shown that spontaneous swelling in 
an isotonic medium is not reversed by addition of ATP alone, 
whereas thyroxine-induced swelling in the same medium is readily 
and rapidly reversed by ATP. An extensive survey of the re- 
quirements in the test medium for reversal of other types of 
mitochondrial swelling has been carried out in this laboratory 
and will be presented for publication shortly; it provides addi- 
tional evidence for the multiplicity and specificity of factors in- 
volved in swelling and its reversal. 

Nature of Water Extrusion Mechanism—lIt has been suggested 
before that water extrusion from mitochondria may be the result 
of a contractile process (10, 11, 28,31). The data on the stoichi- 
ometric relationships between the masses of water moved and 
ATP utilized, which are presented in this paper, clearly demon- 
strate that there is no simple, stoichiometric mole-for-mole rela- 
tionship between H.O transported and ATP utilized; rather, it is 
shown that over 400 moles of HO may be extruded per mole of 
inorganic phosphate formed from ATP. This finding therefore 
excludes transport by a chemical or enzymatic interaction be- 
tween water and ATP, or between water and some carrier gen- 
erated or activated at the expense of the bond energy of ATP, 
in which 1 mole of ATP is ultimately required to move 1 mole of 
H.O. The evidence is compatible, however, with a contractile 
mechanism in the membrane(s) activated by ATP, possibly by 
phosphorylation of acceptor functions in the membrane, which 
is capable of shrinking the volume of the mitochondria and thus 
extruding many molecules of water into the medium. Such a 
process thus would have a striking physical and chemical simi- 
larity to the action of the actomyosin system of muscle. 

It is not possible to conclude, however, that the hydrolysis of 
ATP occurring during the contraction is related to the contrac- 
tion per se although it ceases in most experiments after the mito- 
chondria have contracted maximally. An alternative explana- 
tion is that ATPase activity is shown by swollen mitochondria 
and not by contracted mitochondria. On the other hand, the 
swollen state is not requisite for ATPase activity since dinitro- 
phenol inhibits swelling of rat liver mitochondria (2) under con- 
ditions in which ATPase is greatly stimulated. Activation of 
mitochondrial ATPase activity by thyroxine has already been 
reported (32-34); it differs in some respects from dinitrophenol- 
stimulated ATPase (33). 

Although a contractile mechanism is strongly suggested by the 
findings reported here, it does not represent a unique explanation 
for the available evidence. It is also conceivable, for example, 
that the water extrusion is caused by a reversible, AT P-driven 
polymerization of some internal solute molecule not capable of 
traversing the membrane. A great reduction of the concentra- 
tion of solute molecules in the internal phase by a polymerization 
initiated by ATP (as in the G-actin — F-actin conversion, for 
example) could cause loss of internal water through a decrease 
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in osmotic pressure of the internal phase. For the present, how- 
ever, the contraction hypothesis seems best able to account for 
known facts. 

At this time it does not seem possible to determine whether it 
is the inner or outer mitochondrial membrane or both, which 
participates in the contractile phenomenon. Recent findings on 
the permeability of the membranes and compartmentation of 
intramitochondrial water (5, 19) suggest that the outer membrane 
is very freely permeable to most solutes tested and that the 
inner membrane is the more likely site of the swelling and con- 
traction phenomena; the inner membrane is also presumably the 
site of the respiratory enzyme assemblies. The cristae, which 
have been shown to be invaginations of the inner membrane 
(35), are geometrically suggestive of a mechanism of swelling and 
contraction, in which reversible “unpleating” and “repleating” 
of the cristae through side-by-side cross-linking attachments 
could take place without necessarily involving any contractility 
changes in the dimensions of the inner membranes. On the 
other hand, the contractile process could be envisioned as being 
evenly distributed in two dimensions over the entire membrane 
sheet. The apparently uniform distribution of respiratory en- 
zyme assemblies in the membrane is suggestive in this connec- 
tion (36). 

Enzymatic Relationships between Contraction and Mechanism of 
Oxidative Phosphorylation—Although water extrusion from thy- 
roxine-swollen mitochondria by ATP does not require respiration, 
it may involve more or less directly at least one enzymatic reac- 
tion intermediate in the coupling of phosphorylation to respira- 
tion. The specificity of the contractile system for the triphos- 
phate of adenosine and the inhibition of the contraction by azide, 
Dicumarol, arsenate, p-chloromercuribenzoate, gramicidin, and 
sucrose, which are also characteristic inhibitors of coupled phos- 
phorylation, suggests the participation in the contraction of one 
or more reaction(s) shared with the mechanism of oxidative phos- 
phorylation (14, 15, 36). On the other hand, the failure of di- 
nitrophenol to affect the contraction is puzzling and unexpected. 
Since dinitrophenol can be regarded as the most specific inhibi- 
tor known for oxidative phosphorylation it is possible that its 
failure to affect the contraction excludes all reactions of the 
coupling sequence as participants in the contractile mechanism. 
Certainly at the least it indicates that not all of the coupling 
mechanism is concerned in contraction. 

In view of these findings with dinitrophenol an alternative 
formulation for the contractile mechanism must be considered in 
which the energy-coupling reactions do not participate except 
as a means of producing ATP during respiration. An attractive 
possibility is afforded by the fact that mitochondria contain 
considerable phosphoprotein, the phosphate of which becomes 
labeled during respiration in media containing P*-labeled inor- 
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ganic phosphate (37). Rat liver mitochondria also contain a 
protein phosphokinase (38). It seems conceivable that the pro- 
tein phosphokinase and the phosphoprotein of mitochondria are 
elements in an ATP-driven contractile phenomenon acting in- 
dependently of the coupling mechanism. The possible relation- 
ship of the protein phosphokinase of mitochondria to the con- 
traction is under study. 

Lastly, it may be pointed out that these experiments show 
thyroxine-induced swelling to be reversible by ATP, providing 
further support for a possible physiological role of thyroxine in 
adjusting the intracellular volume and state of the mitochondrion 
as well as its diverse and complex enzymatic mechanisms of 
respiration, phosphorylation, and active transport (3-5). 


SUMMARY 


Through optical and also direct gravimetric methods it has 
been demonstrated that adenosine triphosphate (ATP) causes 
extrusion of water from mitochondria swollen by contact with 
t-thyroxine. The extrusion reaction proceeds best in a medium 
of 0.125 m KCI-0.02 m tris(hydroxymethyl)aminomethane buffer, 
and occurs also in NaCl or distilled water, but does not occur in 
sucrose media, which inhibit both mitochondrial swelling and 
contraction. 

The contractile mechanism is relatively stable, since addition 
of ATP will rapidly contract mitochondria kept as long as 3 hours 
at 20° following induction of swelling by addition of thyroxine. 
ATP is specific; no other nucleoside 5’-triphosphate is active nor 
is any other substance tested. The contraction by ATP is not 
affected by inhibiting respiration with cyanide or antimycin A, 
nor by the presence of 2, 4-dinitrophenol, and is thus independent 
of coupled respiration. On the other hand, Dicumarol, azide, 
arsenate, and gramicidin do inhibit the contraction, suggesting 
the possibility that one or more intermediate reactions of oxida- 
tive phosphorylation may be involved in contraction. 

ATP undergoes hydrolysis during the contraction of thyroxine- 
swollen mitochondria, but the hydrolysis ceases again after the 
mitochondria have reached a stable, contracted state. Over 400 
moles of water may be extruded per mole of inorganic phosphate 
formed from ATP, a finding which excludes a simple mole-for- 
mole mechanism for transport of water and which suggests par- 
ticipation of a contractile process similar to the actomyosin sys- 
tem. A “mechano-enzyme” function is postulated to account 
for these findings and their relationship to the intermediate reac- 
tions of oxidative phosphorylation which occur in the mito- 
chondrial membrane. 
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Digitonin has been used successfully to disrupt particulate 
structures such as mitochondria without loss of their capacity for 
causing oxidative phosphorylation (1, 2). The present report 
describes a procedure whereby spinach chloroplasts were exten- 
sively disrupted by digitonin extraction to give a preparation of 
small fragments which could cause an appreciable rate of photo- 
phosphorylation. In the presence of these fragments, the light- 
induced synthesis of adenosine triphosphate from adenosine di- 
phosphate and orthophosphate was consistently stimulated by 
added glutathione or coenzyme A. Photophosphorylation by 
the fragments could also be stimulated by addition of soluble ex- 
tracts prepared from whole chloroplasts. Evidence will be pre- 
sented that the action of the extracts is complex. 


EXPERIMENTAL 


Preparation of Chloroplast Fragments—Chloroplasts were pre- 
pared from spinach leaves by grinding and centrifuging in 0.35 
mM NaCl according to the procedure of Arnon et al. (3). After 
one washing, the chloroplasts from 50 gm. of spinach were sus- 
pended in 5 ml. of 1 per cent digitonin solution and allowed to 
incubate in this solution at 0° for 30 minutes in the dark. The 
suspension was then centrifuged at 4500 x g for 7 minutes, and 
the precipitate thus obtained was discarded. The supernatant 
was centrifuged again at 30,000 x g for 30 minutes, and the pre- 
cipitate was resuspended in a suitable volume of 0.35 m NaCl. 
In the following discussion, such preparations are termed chloro- 
plast fragments. Some observations on their composition are 
given in another paper (4). 

The preparations described above were fixed with osmium 
tetroxide and examined with the electron microscope by Dr. L. 
Nelson in the laboratory of Dr. I. Gersh whose generous assistance 
is gratefully acknowledged. The appearance of the stained frag- 
ments was compared with that of the washed whole chloroplasts 
similarly treated with osmium tetroxide. The chloroplasts were 
dense and between 2 and 3 uw in diameter. The fragments had 
little contrast and were enclosed in a denser ‘“‘“membrane.”’ They 
varied in diameter from about 120 to 330 my, with an average of 
about 250 mu. 


* Aided in part by grants from the American Cancer Society, 
the National Science Foundation, and the Dr. Wallace C. and 
Clara A. Abbott Memorial Fund of the University of Chicago. 
The material in this paper is taken in part from a thesis submitted 
by J. Koukol in partial fulfillment of the requirements for a Ph.D. 
degree. 

+ Present address, Department of Agricultural Biochemistry, 
University of California, Davis, California. 
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Preparation of Chloroplast Extract—The washed chloroplasts 
from 50 gm. of spinach were extracted at 0° in the dark for 30 
minutes with 6 ml. of 0.05 m Tris! buffer of pH 8.0. The green 
sediment was completely removed by centrifugation for 7 min- 
utes at 4500 xX g. 

The supernatant from the digitonin treatment could not be 
substituted for the chloroplast extract, because digitonin at the 
concentrations thereby introduced inhibited the photophos- 
phorylation reaction. It was shown in separate experiments 
that digitonin at a final concentration of 0.1 per cent caused al- 
most complete inhibition and a concentration of 0.03 per cent 
caused about 50 per cent inhibition of the photophosphorylation. 

Measurement of Photosynthetic Phosphorylation—The amount 
of photosynthetic phosphorylation was determined by measure- 
ment of the decrease in the amount of orthophosphate which oc- 
curred when illuminated chloroplast fragments were incubated 
with PMS as a cofactor and suitable amounts of orthophosphate 
and phosphate acceptor. 

The phosphorylations were generally carried out with a re- 
action volume of 2 or 3 ml., in 25-m]. Erlenmeyer flasks attached 
to the shaker of a Warburg manometric apparatus. The bottom 
of the bath was replaced by glass. A row of three 150-watt Re- 
flector Flood Lamps was placed under each side of the bath. 
The lamps were 12 inches from the bottom of the vessels. The 
light passed through 9.5 inches of water and measured 1250 foot- 
candles at the surface of the bath. The bath was maintained 
at 15° + 0.5° with the aid of a circulated refrigerant. 

With this experimental arrangement and the reaction mixture 
described below, the rate of photophosphorylation was almost 
linearly dependent on the amount of chlorophyll from 0.05 to 
0.2 mg. of chlorophyll per 3 ml. of reaction mixture. With 
chlorophyll concentrations higher than 0.5 mg. per 3 ml., the 
rate was strongly dependent on the amount of light. 

The reaction mixtures contained 10 umoles of MgCl, and 80 
to 120 umoles of Tris buffer per 2 or 3 ml., together with PMS, 
chloroplast fragments, orthophosphate, and phosphate acceptor 
in the amounts specified for the individual experiments. The 
vessels were flushed with N- gas unless otherwise indicated. At 
the end of the incubation period, the light was turned off, and 
0.3 ml. of 20 per cent trichloroacetic acid was added per 3 ml. 
After 10 minutes, the precipitate was removed by centrifugation, 
and the orthophosphate content of suitable aliquots was deter- 
mined by the method of Fiske and SubbaRow (5). 


1 The abbreviations used are: Tris, tris(hydroxymethyl)amino- 
methane; PMS, N-methyl phenazonium methosulfate; DCMU, 
3-(3,4-dichloropheny])-1, 1-dimethylurea. 
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Adenylate Kinase—Crude preparations of adenylate kinase 
were prepared from rabbit muscle according to the procedure 
of Colowick and Kalckar (6) and assayed according to Kalckar 
(7). The filtrate obtained after the heat denaturation was called 
adenylate kinase A and was found to be satisfactory for many 
of the experiments. This preparation contained 1.4 mg. of pro- 
tein per ml., and caused a transfer of 4.7 wmoles of high energy 
phosphate bonds per mg. of protein per minute at pH 7.5 and 30°. 
The preparation obtained by addition of ammonium sulfate to 
80 per cent saturation was called adenylate kinase B. It was 
dissolved in 0.05 m Tris buffer of pH 7.5 and dialyzed exhaus- 
tively against the same buffer, in order to remove the (NH,)2S0,4 
completely. This preparation contained 2.6 mg. of protein per 
ml. and caused a transfer of 2.3 umoles of high energy phosphate 
bonds per mg. of protein per minute at pH 7.5 and 30°. 

Reagents—CoA, AMP, ADP, ATP, and TPN were obtained 
from Pabst Laboratories; GSH from Nutritional Biochemicals; 
GSSG from Schwarz Laboratories; Tris (“Sigma 121’), riboflavin 
phosphate and hexokinase (yeast, Type V, 540,000 KM units 
per gram at 25°) from Sigma Chemical Company; oxidized DL- 
lipoic acid (assay 85 per cent) from California Foundation for 
Biochemical Research; catalase (beef liver, 100 K.U. per ml.) 
from Armour Laboratories; digitonin from National Biochemical 
Company; and menadione from Lederle Laboratories. DCMU 
was provided by Dr. Norman Bishop. PMS was prepared ac- 
cording to the procedure of Dickens and MclIlwain (8) as modified 
by Singer et al. (9). Reduced lipoic acid was prepared according 
to the method of Gunsalus and Razzell (10). 

Analytical Methods—Chlorophy]| was determined according to 
Arnon (11) and protein, according to Lowry et al. (12). 

RESULTS 

General Observations—In many respects, the photophosphory- 
lation by chloroplast fragments with PMS as a cofactor was very 
similar to photophosphory lation by whole chloroplasts, as studied 
by Jagendorf and Avron (13), except that the fragments were 
less active. The highest phosphorylation rate obtained with 
the fragments was about 80 umoles of inorganic phosphate esteri- 
fied per mg. of chlorophyll per hour. The phosphatase activity 
of the fragments was tested by measurement of the rate of for- 
mation of inorganic phosphate from ATP, ADP, and AMP. 
The rates were negligible compared to the rate of the photophos- 
phorylation reaction and were not affected by added fluoride or 
dinitrophenol. 

The fragments were somewhat less stable than whole chloro- 
plasts and often lost their phosphorylating capacity completely 
when stored at 0° in 0.35 m NaCl in the dark for 3 hours. Addi- 
tion of Tris buffer and MgCl. had a marked stabilizing effect. 
Unless the fragments were used immediately, they were stored 
in 0.35 mM NaCl containing 0.05 m Tris buffer of pH 8.0 and 0.007 m 
MgCle. Under these circumstances the capacity for photo- 
synthetic phosphorylation remained almost unchanged for pe- 
riods up to six hours. Individual preparations showed marked 
stability differences, however, which could not be correlated with 
differences in preparative procedure. 

The optimal concentration of cofactor increased with increasing 
amounts of chlorophyll as described for whole chloroplasts (13), 
but the optimal molar ratio of PMS to chlorophyll was only 0.2 
to 0.3 rather than 1. With incubation periods of 1 hour, higher 
concentrations of PMS became strongly inhibitory. With 
shorter incubation periods, inhibition was not so marked, and 


J. Koukol, C. T. Chow, and B. Vennesland 


2197 


there was a broader concentration range of cofactor over which 
optimal photophosphorylation rates were observed. 

Substitution of air for Nz in the photophosphorylation assay 
was usually slightly inhibitory, although slight stimulation was 
sometimes observed. This was also reported to be the case for 
the photophosphorylation by whole chloroplasts (13). 

Adenylate Kinase Effects—The chloroplast extract contained 
considerably more adenylate kinase activity than the chloro- 
plast fragments. With the unsupplemented fragments, ADP 
was consequently a much better acceptor than AMP plus a little 
ATP. If the fragments were supplemented with suitable 
amounts of chloroplast extract, or with a preparation of muscle 
adenylate kinase, the phosphorylation rate was usually at least 
as good if not better with AMP plus a little ATP as it was with 
ADP. When adenylate kinase was furnished in the form of 
chloroplast extract, there was also observed a stimulation of 
photophosphorylation with ADP as acceptor. These results 
are essentially similar to those reported by Jagendorf and Avron 
(13), with washed chloroplasts and chloroplast extract, and con- 
firm the fact that chloroplast extract contains a stimulatory fac- 
tor other than adenylic kinase. In the present studies, the 
additional observation was made that chloroplast extract also 
contains a factor (or factors) which is inhibitory for photophos- 
phorylation. Table I shows the results of an experiment de- 
signed to test the relative effectiveness of the adenylate kinase 
activity added as muscle adenylate kinase on the one hand or 
as chloroplast extract on the other. It can be seen that muscle 
adenylate kinase appeared to be more effective per unit of adeny]- 


ate kinase activity than was the chloroplast extract. In this 


TABLE [| 


Relative effectiveness of muscle adenylic kinase and chloroplast 
extract in presence of GSH 

The chloroplast fragments and extract were prepared from un- 
washed chloroplasts. For the photophosphorylation assay, all 
reaction mixtures contained 10 wmoles of AMP, 1 umole of ATP, 
10 umoles of orthophosphate, 0.03 wmoles of PMS, 0.6 uwmoles of 
GSH, 30 wmoles of MgCl., 100 umoles of Tris buffer of pH 8.0, and 
chloroplast fragments equivalent to 0.110 mg. of chlorophyll in a 
final volume of 2ml. Incubation time, 1 hour. 





= Adenylate | - 
Additions to assay system | kinase | F Nai > 
units* | " roy 

ma i 


| 

ks | wc 
pmoles/hr.\ wmoles/hr. 
ee | 06 | 2.2 





Muscle adenylate kinase Bt (26 ug.) 2.0 | 5.7 
Muscle adenylate kinase B (52 ug.).. . | 4.0 7.5 
Chloroplast extract (0.8 ml.) | 4.0 4.7 
Chloroplast extract (0.8 ml.) + muscle ade- 

nylate kinase (26 yg.)... Steep 6.0 | 4.7 





* The units of adenylate kinase activity here given were deter- 
mined by measuring the disappearance of acid-labile phosphate 
(7) in a mixture of 42 umoles of glucose, 10 umoles of ADP, and an 
excess (0.2 mg.) of hexokinase in 2 ml., under conditions which 
were the same as those used for the photophosphorylation assay 
with respect to Mg**, buffer, temperature, and time of incuba- 
tion. 

+ P;, orthophosphate. 

t Twenty-six ug. of adenylate kinase B caused a transfer of 3.6 
umoles of high energy phosphate per hour at pH 7.5 and 30° under 
the conditions described by Kalckar (7). 
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particular experiment, the photophosphorylation assay was car- 
ried out in the presence of added GSH. Had the GSH been 
omitted, the chloroplast extract would have been more effective 
than muscle adenylic kinase, as shown in other experiments. 
This stimulatory effect of the chloroplast extract with ADP as 
an acceptor was removed by treatment of the extract with char- 
coal. It was not removed by dialysis, however, and it was de- 
stroyed on heating in a boiling water bath. 

Effects of Sulfhydryl Compounds—Photophosphorylation by 
chloroplast fragments was stimulated by added GSH or CoA. 
The optimal amount of the sulfhydryl compounds was usually 
between 0.4 and 0.8 umoles per 3 ml. of reaction mixture. This 
stimulatory effect varied in magnitude and was considerably 
greater, percentagewise, if the preparation caused relatively 
poor photophosphorylation in the absence of added sulfhydryl 
compounds. The effects of GSH and CoA were not additive, 
suggesting that these two substances act in a similar manner. 
Oxidized glutathione was without appreciable effect; this shows 
that the GSH was not functioning by being alternately oxidized 
and reduced. Glutathione was shown also to be completely in- 
effective as a cofactor for photosynthetic phosphorylation when 
added without PMS (or some other cofactor). The extra phos- 
phorylation elicited by GSH was inhibited by DCMU, ammo- 
nium ions, and TPN, just as was the phosphorylation in the ab- 
sence of added GSH, as shown in Table II. The data suggest 
that GSH causes a decrease in sensitivity of DCMU, but this 
effect is not nearly so striking as the effect which is observed if 


TaB_e II 
Effect of GSH, ammonium ions, DCMU, and TPN on photophos- 
phorylation by chloroplast fragments 
All reaction mixtures contained chloroplast fragments equiva- 
lent to 0.100 mg. of chlorophyll, 10 umoles of ADP, 10 umoles of 
orthophosphate, and 0.03 umole of PMS, with Mg and buffer as 
usual, in a volume of 2.0 ml. Incubation time, 1 hour 




















GSH Addition —AP; 
0.6 pmole m (final) pmoles 
Experiment 1 
- None 2.9 
+ None 8.2 
_ NH,Cl, 0.005 1.0 
+ NH,Cl, 0.005 4.0 
- NH,Cl, 0.020 1.0 
+ NH,Cl, 0.020 2.9 
Experiment 2 
- None 2.4 
+ None 7.2 
— DCMU, 5 X 10°8 2.4 
+ DCMU, 5 X 10°8 | 6.8 
~ DCMU, 4 X 10°77 | 0.5 
> DCMU, 4 X 1077 3.4 
- DCMU, 4 X 10° 0.1 
+ DCMU, 4 X 10-* 2.3 
_ DCMU, 5 X 10-5 0.1 
+ DCMU, 5 X 10-5 1.5 
Experiment 3 
= None 2.4 
+ None 7.3 
_ TPN, 5 X 10 1.5 
oo TPN, 5 X 10-4 5.9 
- TPN, 2.5 X 10-% 0.6 
+ TPN, 2.5 X 10-3 4.0 
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trichlorophenol indophenol is used as a cofactor instead of PMS 
(14). 

The stimulation of photophosphorylation by GSH was ob. 
tained with high concentrations of chlorophyll when light was 
limiting the reaction rate, as well as with low concentrations of 
chlorophyll when light was not limiting. The stimulation was 
also obtained irrespective of whether the acceptor used was ADP, 
or AMP with a little ATP and muscle adenylate kinase. Most 
of the experiments in the present study were carried out with 
PMS, but it was shown that photophosphorylation with menadi- 
one and riboflavin monophosphate as cofactors for the fragments 
was also stimulated by GSH. 

It seemed possible that GSH and CoA might be acting mainly 
to reduce and thus inactivate any injurious peroxide which might 
be formed in side reactions. If this were so, then GSH should 
havea larger stimulatory effect in air than in nitrogen, and added 
catalase should have an effect similar to that of GSH. Experi- 
ments showed, however, that added catalase had no effect on 
the reaction, and that the GSH effect was at least as great in N, 
as in air. The effects of thioglycollate, of cysteine, and of oxi- 
dized and reduced lipoic acid were also examined. Of these, 
only cysteine gave occasional stimulatory effects which were con- 
sistently smaller than those observed with GSH and CoA. This 
showed that the stimulation by CoA and GSH is not obtained 
with sulfhydryl compounds generally. 

Examination of the time course of the phosphorylation showed 
that the stimulation by CoA and GSH was usually (although not 
always) greater at longer time intervals. Figs. 1, 2, and 3 show 
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Fic. 1A. Effect of GSH on photophosphorylation. All the re- 
action mixtures contained chloroplast fragments equivalent to 
0.108 mg. of chlorophyll, 0.05 ml. of adenylate kinase solution A, 
0.03 umole of PMS, and 1 ymole ATP, with MgCl. and buffer as in 
the standard system. In addition, the samples which were in- 
cubated for 15 minutes contained 5 ymoles of AMP and 5 umoles 
of orthophosphate (Pj). The other samples contained 10 umoles 
of AMP and 10 yumoles of orthophosphate. The GSH, when 
added, was 0.6 umole. The final volume was 1.5 ml. Each point 
represents a separate reaction mixture. 

Fie. 1B. Effect of GSH on photophosphorylation. All the 
reaction mixtures contained chloroplast fragments equivalent to 
0.106 mg. of chlorophyll, 0.05 ml. of adenylate kinase solution B, 
10 umoles of AMP, 1 umole of ATP, with PMS, MgCl., buffer, 
orthophosphate, and GSH asin A. The final volume was 2.0 ml. 
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Fic. 2. Stimulation of photophosphorylation by GSH and CoA. 
All the reaction mixtures contained chloroplast fragments equiv- 
alent to 0.101 mg. of chlorophyll, 10 umoles of ADP, with PMS, 
MgCl., buffer, and orthophosphate as in Fig. 14; 0.6 umole of 
GSH or CoA added as indicated; final volume, 2.0 ml. 
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Fic. 3. Stimulation of photophosphorylation by GSH and by 
chloroplast extract. All the reaction mixtures contained chloro- 
plast fragments equivalent to 0.106 mg. of chlorophyll with other 
components as described for Fig. 2; 0.8 ml. of chloroplast extract 
was added as indicated. 


typical results of a series of experiments in which photophos- 
phorylation was measured at intervals up to an hour. In Fig. 
1A the stimulation by GSH was relatively small and in Fig. 1B 
it was relatively large. Most of the results fell between these two 
extremes. Fig. 2 shows the equivalence of the effects of CoA 
and GSH, and Fig. 3 shows the results of an experiment in which 
the stimulatory effect of the chloroplast extract was compared with 
that of GSH. In this particular experiment, the GSH gave a 
stronger stimulation than chloroplast extract, but this was not 
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always the case. Sometimes the chloroplast extract was a better 
stimulant than the sulfhydryl compound. Addition to the frag- 
ments of GSH together with chloroplast extract showed that the 
effects of the chloroplast extract and GSH were not additive. 
Addition of GSH to the chloroplast extract and fragments some- 
times gave a small stimulation which was always less than the 
effect of GSH added to fragments without extract. Just as often 
there was no effect at all, and somewhat more frequently, there 
was observed an inhibition of about 50 per cent, which was some- 
times but not always relieved if larger amounts of GSH (10-* m) 
were added. 

Examination of the effect of GSH on photophosphorylation by 
intact chloroplasts gave the same family of results as those ob- 
tained when GSH was added to fragments supplemented by 
chloroplast extract. In other words, the effect of the GSH was 
highly variable; it ranged anywhere from about 50 per cent in- 
hibition to 50 per cent stimulation. The advantage of working 
with the fragments, then, was the greater consistency and gen- 
erally greater magnitude of the stimulation by GSH and CoA. 

Effect of Preincubation with GSH—As already mentioned, the 
effect of GSH was generally small if the chloroplast fragments 
were capable of causing a good rate of photophosphorylation (40 
to 80 umoles of P per mg. of chlorophyll per hour) in the absence 
of GSH. 

There appeared to be an upper limit to the photophosphoryla- 
tion rate of about 80 umoles of phosphorus per mg. of chlorophy]l 
per hour and this was sometimes achieved with the chloroplast 
fragments in the absence of GSH. Thus the most active prepa- 
rations showed only trivial response to added GSH. Such re- 
sults, as well as the increase in the magnitude of the GSH effect 
with time, suggested that the effect of GSH could best be de- 
scribed as a stabilization. This is examined in a different way 
in the experiment summarized in Table III. In this experiment, 
six reaction mixtures were prepared. The first two were con- 
trols in which the capacity for photosynthetic phosphorylation 
was measured directly in the 1-hour assay, in the presence and 
in the absence of GSH. The next two were preincubated for 1 
hour in the light and in the dark, in the presence of all reaction 
components except the phosphate acceptor. No GSH was pres- 
ent in the preincubation period, but GSH was added with ac- 
ceptor before the 1-hour assay. The last two reaction mixtures 
were identical with the previous two except that GSH was added 
at the beginning of the preincubation period. The results show 
that the phosphorylation capacity was lost more rapidly in the 


Tas.e III 
Effect of GSH treatment before assay 
All reaction mixtures contained chloroplast fragments equiva- 
lent to 0.100 mg. of chlorophyll, 10 wmoles of AMP, 1 umole of 
ATP, 0.05 ml. of adenylate kinase solution B, 10 umoles of ortho- 
phosphate, 0.03 zmoles of PMS, with Mg and buffer as usual in a 
volume of 2.0 ml. GSH, 0.6 umole, was added where indicated. 








Sample treatment —AP; 

| pmoles 

Control, 1 hr. assay with GSH, no preincubation...... | 5.5 

Control, 1 hr. assay without GSH, no preincubation | 0.8 

Preincubated 1 hr. in light, assay 1 hr. with GSH | 0.0 

Preincubated 1 hr. in dark, assay 1 hr. with GSH 2.0 

Preincubated with GSH 1 hr. in light, assay lhr.......| 3.4 
Preincubated with GSH 1 hr. in dark, assay 1 hr..... | 


5.2 
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light than in the dark, and that added GSH stabilized the phos- 
phorylation to about the same relative extent, both in the light 
and in the dark. 


DISCUSSION 


The sensitivity of photosynthetic phosphorylation to inhibition 
by sulfhydryl reagents such as p-chloromercuribenzoate has been 
reported and studied (3, 15), but we know of no previous report 
of an activation of photophosphorylation by substances such as 
GSH and CoA. These effects have a certain resemblance to the 
effect of CoA on oxidative phosphorylation by sonically-treated 
liver mitochondria, as described by McMurray and Lardy (16). 
With the mitochondrial fragments, there was a rapid decline of 
the P:O ratio during the incubation period, and this decline was 
prevented by CoA (6.7 X 10-5 mM gave optimal effects). With 
chloroplast fragments an apparent stabilization of photophos- 
phorylation by similar concentrations of CoA was also observed, 
although P:O ratios could not be determined, of course, in this 
particular photophosphorylation reaction. 

The effect of GSH on the two systems is quite different, since 
this reagent had no effect on the mitochondrial fragments, 
whereas it appeared equivalent to CoA in its effect on the chloro- 
plast fragments. Furthermore, the presence of added adenine 
nucleotides was necessary in order to elicit the stabilizing effect 
of CoA on the mitochondrial preparations, whereas this was not 
the case for the effect on the chloroplast fragments, as shown in 
the preincubation experiments. ‘The significance of these dif- 
ferences cannot be properly assessed, however, because of the 
possibility that the chloroplast fragments may contain sufficient 
amounts of sulfhydryl compounds and nucleotides so that a spe- 
cific need for particular substances is not demonstrable. Mc- 
Murray and Lardy (16) make a cautious suggestion that CoA 
may have a direct role, perhaps as a phosphate-transferring agent 
in the process of the generation of high energy phosphate bonds. 
It is appropriate to consider such a possibility for the photophos- 
phorylation process also, although direct proof for such a fune- 
tion is not available. The evidence excludes the possibility 
that the sulfhydryl compounds function by being oxidized and 
reduced or by reducing injurious peroxides, but does not as yet 
permit more specific positive conclusions about the manner in 
which the sulfhydryl] compounds exert their stimulatory or 
stabilizing effects. 

The effect of a chloroplast extract in stimulating photophos- 
phorylation has been described previously (13). Occasional 
failure to observe the stimulatory effects of the extracts is expli- 
cable in terms of the fact that the extracts contain inhibitor(s) 
as well as stimulator(s). Extracts which failed to cause stimula- 
tion seemed to show particularly strong inhibitory effects when 
tested in combination with GSH, and it is likely that the stimu- 


Vol. 234, No. 8 


latory effects are observed only when they happen to outweigh 
the inhibitory effects. The latter may represent, at least in part, 
an activation of reactions which utilize the high energy phos- 
phate bonds, since it has been shown that C™O: fixation by 
chloroplast preparations is activated by GSH and chloroplast 
extract (17). The resemblance of the stimulatory effects of the 
extracts to the reported stimulation of mitochondrial oxidative 
phosphorylation by a soluble protein factor (18) may also be 
noted. 

The relatively slow rate of photophosphorylation catalyzed 
by the digitonized chloroplasts has already been mentioned. 
Jagendorf and Avron (13) showed that the high rate of photo- 
phosphorylation observed with PMS and intact chloroplasts re- 
quired a particularly high light intensity. The light saturation 
curve of the chloroplast fragment system with PMS resembled 
the curve obtained with whole chloroplasts supplemented with 
riboflavin monophosphate, since saturation was achieved at rela- 
tively low light intensities. It is apparently the ‘extra’ phos- 
phorylation achieved with PMS at the higher light intensities 
which is primarily missing from the fragments. This conclusion 
is supported by preliminary observations? which indicate that 
the chloroplast fragments here employed retain relatively more 
of the photophosphorylation capacity of the whole chloroplasts 
if the photophosphorylation is measured with other cofactors 
than PMS. 


SUMMARY 


Spinach chloroplast fragments were prepared by treatment 
with digitonin and shown to be capable of causing photosynthetic 
phosphorylation. Reduced glutathione and coenzyme A caused 
a consistent stimulation of photophosphorylation by these frag- 
ments. The effects of the two substances were not additive and 
appeared to be equivalent. Other sulfhydryl compounds tested 
showed smaller stimulatory effects or none at all. The effect of 
glutathione was shown not to be due to cyclic oxidation and re- 
duction or to reduction of hydrogen peroxide, but to an apparent 
stabilization of the phosphorylating capacity of the fragments. 

An extract prepared from intact chloroplasts also stimulated 
photophosphorylation by the chloroplast fragments. The stimu- 
latory effect with adenosine monophosphate as a phosphate ac- 
ceptor was partly due to adenylate kinase, which was present in 
the fragments in only small amounts. Another stimulator, effec- 
tive with adenosine diphosphate as acceptor, was also present 
and was shown to be neither free glutathione nor coenzyme A. 
If glutathione was added together with chloroplast extract to the 
chloroplast fragments, very irregular results were obtained. 
The glutathione might inhibit, or show no effect, or stimulate. 
Similar variability was observed in the effect of added gluta- 
thione on photophosphorylation by intact chloroplasts. 
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The preceding paper describes a preparation of chloroplast 
fragments disrupted with digitonin and capable of causing photo- 
synthetic phosphorylation (1). The present paper summarizes 
information obtained regarding the phosphorus content of the 
fragments and of the chloroplasts from which these fragments 
were prepared. The instability of the nucleic acid phosphorus 
is particularly noted. 


EXPERIMENTAL 


The distribution of phosphorus compounds in various leaf 
components has been examined in some detail, particularly for 
tobacco, where interest has centered in part on the study of 
nucleic acids, especially in relation to virus infection (2-7). 
The method adopted for determining phosphorus distribution in 
the present study was based on the procedure of Ogur and Rosen 
(8), and on the results of others applying similar methods to the 
study of chloroplasts (2-5). In addition to inorganic phosphate 
(P;) and total phosphate, four fractions were differentiated, i.e. 
acid-soluble P, lipide P, nucleic acid P, and residual P (presum- 
ably protein-bound). No attempt was made to differentiate 
RNA-P from DNA-P, except for a few enzymatic degradation 
studies described in the following section. 

Procedure for Determining Phosphorus Distribution—A sample 
containing 1.5 to 2.0 mg. of chlorophyll was diluted to 3 ml., 
and 2 ml. of ice-cold 0.5 n perchloric acid were added. After 
10 minutes at 0° the precipitate was centrifuged down and the 
supernatant poured off. The extraction with cold perchloric 
acid was repeated, and the combined extracts were analyzed for 
inorganic phosphate and total phosphate by the method of Fiske 
and SubbaRow (9). The precipitate from the cold perchloric 
acid extraction was suspended in a 1:4 water-ethanol mixture. 
The supernatant obtained after centrifugation was poured off 
and retained. The precipitate was extracted twice with 7-ml. 
portions of a 3:1 mixture of ethanol-ethyl ether by gentle boiling 
in a water bath for 3 minutes. The total phosphorus content of 
the combined supernatants, determined after solvent evapora- 
tion, was called phospholipide phosphorus. 

The residue from the previous treatment was extracted twice 
with 5-ml. portions of 0.5 n perchloric acid for 20 minutes at 70°, 
and the total phosphorus content of the extracts was determined. 
This was called nucleic acid phosphorus. The phosphorus con- 
tent of the residue from the hot perchloric acid extraction was 
designated “protein” phosphorus. This accounted for only a 
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the National Science Foundation, and the Dr. Wallace C. and 
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small proportion of the total phosphorus, and its determination 
was frequently omitted. The reproducibility of the outlined 
fractionation was good provided duplicate samples were taken 
from a given preparation at about the same time. 

The preparations of the chloroplast fractions and other meth- 
ods used are outlined in the accompanying paper (1). RNase 
and DNase were products of Nutritional Biochemicals Corpora- 
tion. 

If the phospholipide extraction was carried out after the ex- 
traction with hot perchloric acid instead of before, higher values 
were obtained for the phosphorus content of the “nucleic acid” 
fraction. Comparison of the ultraviolet absorption spectra of 
the extracts with their phosphorus content indicated that the 
extra phosphorus extracted into hot perchloric acid under these 
circumstances was not nucleotide phosphorus. If the extrac- 
tion with ethanol-ether preceded the extraction with hot per- 
chloric acid, then the absorbancy in the ultraviolet of the per- 
chloric acid solution was approximately what was expected by 
calculation from the phosphorus content, on the assumption that 
all the phosphorus represented nucleic acid and that the average 
molecular extinction coefficient for the purine and pyrimidine 
bases is 1 X 10‘ at 260 my. The extract prepared with hot per- 
chloric acid had a well defined absorption maximum at 265 mu. 

The extract prepared with cold perchloric acid had an absorp- 
tion maximum in the ultraviolet at 260 my, and another smaller 
and broader maximum at 335 my. The molar extinction co- 
efficient at 260 mu was about 2.5 to 3 x 10* if calculated on the 
basis of the phosphorus content. Since this value is about one- 
fifth that of the molar extinction coefficient of the purines and 
pyrimidines, it is clear that most the “acid-soluble” phosphorus 
is not nucleotide phosphorus. 


RESULTS AND DISCUSSION 


Distribution of Phosphorus after Fractionation Procedure—The 
main objective was acquisition of information about the nature 
of the organic phosphorus distribution in chloroplast fragments 
prepared by disruption of washed chloroplasts in digitonin and 
capable of photosynthetic phosphorylation (1). In the prepa- 
ration of the fragments, two fractions, namely, a residue and a 
supernatant, are discarded. The analyses included data on these 
discarded fractions as well as on the original whole chloroplasts 
from which the fractions were prepared. Table I shows how the 
total phosphorus and chlorophyll of the intact chloroplasts were 
distributed in two entirely different preparations from different 
sources of spinach, labeled A and B, respectively. In general, 
the washed chloroplasts contained no more than half of the 
chlorophyll of leaves from which they were prepared, and the 
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chloroplast fragments contained about 50 to 80 per cent of the 
chlorophyll of the washed chloroplasts. The yields varied with 
the spinach source and with the operator making the prepara- 
tion. The phosphorus and the chlorophyll were not distributed 
equally in the different chloroplast fractions, but the discarded 
supernatant always contained relatively more phosphorus and 
less chlorophyll. The discarded residue retained a relatively 
large amount of phosphorus in proportion to its chlorophyll 
content, however, so that the ratio of phosphorus to chlorophyll 
in the fragments was invariably lower than in the intact chloro- 
plasts. 

The proportion of phosphorus present as acid-soluble, lipide, 
and nucleic acid phosphorus in the different chloroplast fractions 
varied considerably. Table II gives data on the two different 
fractionations described in Table I. In this table, the results 
have been calculated as percentage of the phosphorus in each chlo- 
roplast fraction. The same results, calculated as umoles of P per 
mg. of chlorophyll of the original chloroplast, are given again in 
Fig. 1, with additional data on two other fractionations. The 
latter (C and D) were carried out on successive days on the same 
batch of spinach which was stored in the ice box during the inter- 
vening period. The results show the reproducibility of the pro- 
cedure when the same source of spinach was employed. Residual 
or “protein” phosphate was always low and was usually not de- 
termined. Inorganic phosphate varied a great deal and was also 
not determined separately in most instances. Samples for the 
phosphate analyses were always taken as soon as possible after 
completion of the preparation. 

Instability of Nucleic Acid—If the chloroplasts or the various 
fractions were stored on ice for several hours, there was a per- 


TaBLe [ 
Distribution of chlorophyll and phosphorus after 
digitonin fractionation 
In A, chloroplasts containing 27.5 mg. of chlorophyll were ob- 
tained from 100 gm. of spinach. In B, chloroplasts containing 
16.5 mg. of chlorophyll were obtained from 25 gm. of spinach. 




















Chlorophyll | Phosphorus Phosphorus 
Preparation | 
A|Bpi|a|]B]al|s 
% of total % of total primed 
Intact chloroplasts.....| 100 | 100 | 100 | 100 | 1.59 | 1.18 
Chloroplast fragments. .| 59 78 | 27 35 | 0.73 | 0.54 
Supernatant............] 13 7 | 43 40 | 5.3 | 6.7 
Residue. ..........-..-| 28 | 15 | 30 35 | 1.71 | 1.97 
TaB.e II 


Distribution of phosphorus in each fraction* 





Total [Inor- 




















Phospho- | Nucleic | Pro- 

acid- |ganic - acid tein 

Preparation soluble A P P P 

| A | pip i|alsplals|s 

Intact chloroplasts. ....... (35|27| | 49| 40 | 16 | 30| 3.8 
Chloroplast fragments. | 11 | 13 | 8 | 70 | 55} 19 | 31 | 1.1 
Supernatant............. | 62 | 46 | 22 | 25 | 24 | 13 | 24 | 6.8 
Sg 3.6405 iwuenss | 17 | 16 | 9 | 64 | 43 | 19 | 38 | 3.0 








* For example, 70 per cent of the P in chloroplast fragments A 
was phospholipide phosphorus. 
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Fic. 1. Phosphorus is expressed as umoles of P per mg. of 
chlorophyll of the original chloroplasts from which the fractions 
were prepared. F, fragments; S, supernatant from digitonin 
treatment; FR, residue from digitonin treatment. 


Taste III 


Change of phosphate distribution on storage of intact chloroplasts 
and chloroplast fragments 


Figures are ymoles of P per mg. of chlorophyll of whole chloro- 














plasts. The preparations were stored ‘in 0.35 m NaCl. 

| Storage | 
‘ | Acid- Phospho- | Nucleic 
Preparation } — — os 

: T . 

| Time | a | 
‘/ a ae RG i 
Intact chloroplasts | 1.5 | 0 0.46 | 0.72 | 0.25 
| 4.5 | 0 0.53 | 0.72 | 0.20 
| 21.5 0 0.68 0.67 0.11 
Chloroplast frag- | 0 | 0.06 0.45 0.07 
ments | 3 | 0 0.07 0.45 0.06 
| 40 | O 0.14 | 0.38 | 0.02 
= 2 0.04 | 0.37 0.13 
| 2.5 | 25 0.14 | 0.37 | 0.06 

| | | 











ceptible decrease in the nucleic acid phosphorus, accompanied by 
a comparable increase in acid-soluble phosphorus (Table III). 
The change was more rapid at room temperature, as expected. 

Addition of MgCl, and Tris' buffer of pH 8.0 to the suspension 
of chloroplast fragments in 0.35 m NaCl had a stabilizing effect 
on the nucleic acid phosphorus of the fragments (Table IV), the 
two together being somewhat more effective than either alone. 
Since MgCl, and Tris buffer also stabilized the phosphorylating 
capacity of the chloroplast fragments during storage at 0° (1), 
it appeared that there might be a correlation between the nu- 
cleic acid content of the fragments and their capacity for photo- 
synthetic phosphorylation. Further experiments showed that 
the capacity for photosynthetic phosphorylation was usually lost 
upon storage before a detectable change in nucleic acid occurred. 
Furthermore, when fragments containing 3 mg. of chlorophyll 
were incubated with 2 mg. of RNase at 0° for 20 minutes, the 
capacity of the fragments for causing photosynthetic phosphor- 
ylation was unimpaired, although about 50 per cent of the total 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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TaBLe IV 
Stabilization of nucleic acid in chloroplast fragments 


Figures are umoles of P per mg. of chlorophyll of the chloroplast 
fragments. 



































a Storage Ph 
& Acid- OS |Nuclei 
—o aan, soluble Boi acid 
&.5| Time |pera- Medium |e 
Ps] ture | 
7? hrs. *c 
1/0 0.06 | 0.48 | 0.18 
3.5 | 0 | 0.35 m NaCl 0.19 | 0.49 | 0.06 
3.5 | 0 | 0.35 m NaCl, 0.01 m MgCls, | 0.08 | 0.46 | 0.16 
0.05 m Tris, pH 8.0 
2/0 0.10 | 0.75 | 0.22 
3 25 | 0.35 m NaCl 0.25 | 0.77 | 0.09 
3 25 | 0.35 m NaCl, 0.01 m MgCl. 0.22 | 0.76 | 0.13 
3 25 | 0.35 Mm NaCl, 0.10 m Tris, pH | 0.17 0.13 
8.0 
3 25 | 0.35 mM NaCl, 0.10 Tris, pH | 0.13 0.16 
8.0, 0.01 m MgCl, | 
| 
3/0 0.07 | 0.19 
3 25 | 0.35 m NaCl 0.20 | 0.08 
3 | 25 | 0.35 m NaCl, 0.05 m MgCl. | 0.08 | 0.18 





TABLE V 
Change of phosphate distribution on storage of chloroplast extract 


Storage was at 25°. Figures are zmoles of P per mg. of chloro- 
phyll of the intact chloroplasts from which the extract was pre- 
pared. 





Time of storage Nucleic acid P 








Acid-soluble P | Phospholipide P 
hrs. | 
0 0.18 | 0.01 0.15 
2.5 0.23 0.02 0.10 
20 0.29 0.02 0.05 





nucleic acid was converted to acid-soluble phosphorus. If 
DNase in equivalent amount was added with RNase, 20 to 25 
per cent more of the nucleic acid fraction was solubilized, still 
without impairment of the capacity of the fragments for photo- 
phosphorylation. The remaining “nucleic acid” phosphorus 
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seemed refractory to further hydrolysis by continuing the incuba- 
tion. 

Phosphorus in Chloroplast Extract—An extract of whole chloro- 
plasts, prepared with Tris buffer (1), contained about 30 per cent 
of the phosphorus of the whole chloroplasts. About one-fifth 
of this was inorganic phosphorus, and only about 5 per cent was 
lipide phosphorus. The remaining phosphorus of the Tris ex- 
tract was about equally distributed between acid-soluble phos- 
phorus and nucleic acid phosphorus. On storage, the nucleic 
acid phosphorus was converted to acid-soluble phosphorus (Ta- 
ble V). It is clear from the foregoing results that the acid-soluble 
phosphorus of the Tris extract will increase as the time of extrac- 
tion is increased. 

The instability of the nucleic acids of leaves has been noted 
previously by Pirie (10), Parker (2), and Holden (3). The 
present studies show that depolymerizing enzymes are present in 
both the insoluble and the extractable fractions of spinach chloro- 
plasts. The susceptibility of the nucleic acid of chloroplasts to 
depolymerization by the native enzyme or enzymes may be gov- 
erned by the physical accessibility of the enzyme to its substrate. 
Thus the depolymerization of the native nucleic acid might result 
from a prior structural change which somehow caused a loss of 
photophosphorylating capacity at the same time that it per- 
mitted contact between nucleic acid and depolymerase. The 
fact that the nucleic acid of the fragments is susceptible to de- 
polymerization by externally added enzymes suggests, however, 
that an activation or solubilization of the native depolymerases 
may be of more importance than physical accessibility of the 
substrate. 


SUMMARY 


An investigation has been made of the distribution of phos- 
phorus in acid-soluble, lipide, and nucleic acid fractions in chlo- 
roplast fragments capable of causing photosynthetic phos- 
phorylation. The nucleic acid phosphorus of the chloroplast 
preparations was converted to acid-soluble phosphorus on stor- 
age, presumably by the action of native depolymerases. The 
capacity of the chloroplast fragments for causing photophos- 
phorylation was stabilized by addition of tris(hydroxymethy]) 
aminomethane buffer and MgCl; to the suspending medium, and 
these reagents also stabilized the nucleic acid of the preparations. 
The relation between nucleic acid stability and the stability of 
the photophosphorylation was shown to be indirect, however, 
since much of the nucleic acid could be depolymerized by added 
ribonuclease and deoxyribonuclease without impairment of the 
capacity of the fragments for causing photophosphorylation. 
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In an earlier note, evidence was presented for the occurrence 
of a new type of chloroplast-catalyzed photosynthetic phospho- 
rylation called “oxidative photophosphorylation” (1). When 
spinach chloroplasts are illuminated in the presence of orthophos- 
phate, adenosine diphosphate, and a dye such as trichlorophenol 
indophenol, adenosine triphosphate is generated provided oxygen 
is available, but not in the absence of oxygen. This report de- 
scribes the characteristics of the system in detail. 


EXPERIMENTAL 


Chloroplasts were prepared from market spinach by the 
method of Jagendorf and Avron (2), washed once, and used im- 
mediately after preparation. Chloroplasts prepared in 0.35 m 
sodium chloride according to the procedure of Arnon (3) were 
practically identical with regard to the activities measured but 
appeared to be considerably less stable. Ferricyanide reduction 
was measured by the method of Krogmann and Jagendorf (4). 

All phosphorylation reactions were conducted at 15° in an 
illuminated bath with shaking. The light intensity at the sur- 
face of the reaction vessel was 2000 foot-candles. Light was 
provided from a bank of 300-watt incandescent photoflood bulbs 
located below the bath. 

The 2,3’,6-trichlorophenol indophenol was obtained from 
Eastman Organic Chemicals. ADP was purchased from Pabst 
Laboratories and DPNH from the Sigma Scientific Company. 
The DCMU! was a gift from Dr. N. Bishop. o-Phenanthroline 
and oleic acid were products of the Fisher Scientific Company. 

Standard Assay System—For convenience in reporting the re- 
sults, most of the data given in the present paper were obtained 
with a standard reaction system which included chloroplasts 
equivalent to 0.1 mg. of chlorophyll, 2 uwmoles of orthophosphate, 
2.5 umoles of ADP, 10 umoles of MgCle, 0.75 wmoles of 2,3’ ,6- 
trichlorophenol indophenol, and 50 wmoles of Tris buffer of pH 
7.8 in a final volume of 1.5 ml. The reaction mixtures were in- 
cubated in 50-ml. Erlenmeyer flasks. When an atmosphere 
other than air was used, the flasks, during shaking, were flushed 
with gas for 10 minutes before illumination. The reactions were 
initiated and terminated by turning the lights on and off. After 
an illumination period of 10 minutes, trichloroacetic acid was 
added, the protein was removed by centrifugation, and the super- 


* This investigation was aided by grants from the National 
Science Foundation and the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research 
Council. 

1 The abbreviations used are: DCMU, 3-(3,4-dichloropheny])- 
1,1-dimethylurea; Tris, tris(hydroxymethyl)aminomethane; Pi, 
orthophosphate. 
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natant was analyzed for inorganic phosphate by the method of 
Fiske and SubbaRow (5). Chlorophyll was determined by the 
method of Arnon (6). 

RESULTS 

Requirements for Oxidative Phosphorylation by Illuminated 
Chloroplasts—As indicated in the previous report (1) oxygen, 
light, trichlorophenol indophenol, and ADP as well as inorganic 
phosphate are necessary components for oxidative phosphoryla- 
tion by spinach chloroplasts. Table I illustrates the require- 
ment for each of these components. It can be seen that an 
atmosphere of nitrogen or helium suppresses phosphate esterifica- 
tion, whereas a pure oxygen atmosphere gives the same result 
obtained when the reaction is run in air. The data also show 
that added Mg greatly stimulates the reaction. 

A study was made of the effect of varying the concentration 
of each reagent independently, with the other reagents at optimal 
concentration. Fig. 1 illustrates the optimal chloroplast concen- 
tration, in terms of the chlorophyll content, for the reaction con- 
ditions employed. Fig. 2 shows the effect of added MgCl, on 
the rate of phosphate esterification. The effect of varying the 
concentration of Tris buffer at pH 7.8 is shown in Fig. 3. 

Fig. 4 illustrates the effect of varying the ADP concentration. 
It is apparent that ADP becomes inhibitory at the higher con- 
centrations tested. When 10 umoles of ATP were added to the 
standard assay system, oxidative photophosphorylation was in- 
hibited by 30 per cent. The same amount of AMP had no effect. 
The inhibitory effects of ATP and ADP are reminiscent of the 
ATP inhibition of ferricyanide reduction by illuminated chloro- 
plasts (7). 

The effect of trichlorophenol indophenol concentration is seen 
in Fig. 5. The apparent inhibition at high dye concentration is 
in all likelihood due to excessive light absorption by the oxidized 
dye. Fig. 6 illustrates the effect of phosphate concentration on 
the rate of the phosphate esterification. In these experiments 
the amount of phosphate esterified was determined by using 
charcoal to absorb the ATP produced, according to the method 
of Crane and Lipmann (8). It is of interest to note that the 
reaction is saturated with phosphate at 3.3 x 10-° mM. This 
is to be compared with the saturation at 10-* m phosphate of both 
the cyclic photosynthetic phosphorylation (2) and the stoichio- 
metric photophosphorylation accompanying ferricyanide reduc- 
tion (7). 

The pH optimum for oxidative photophosphorylation, illus- 
trated in Fig. 7, is very similar to those determined for cyclic 
photophosphorylation (9) and stoichiometric phosphorylation (7) 
by illuminated chloroplasts. 
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Role of Trichlorophenol Indophenol in Oxidative Photosynthetic 
Phosphorylation—Inasmuch as the work of Avron et al. (7) had 
indicated the possibility that ATP synthesis might occur during 
the reduction of trichlorophenol indophenol, experiments were 
devised to check this possibility. First, illuminated chloroplasts 
were allowed to reduce large quantities of the dye under a nitro- 
gen atmosphere. The dye was added to the illuminated reaction 


TaBLe [ 
Requirements for oxidative phosphorylation 
by illuminated chloroplasts 
The complete reaction mixture and procedure are described 
under Standard Assay System. 
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described under Experimental. 


mixture in 0.5-umole aliquots, each succeeding aliquot being 
added after the preceding one had been reduced, so as to avoid 
excessive light absorption by the oxidized dye. In this way, up 
to 5 umoles of dye were photoreduced in the standard assay sys- 
tem, with no detectable uptake of inorganic phosphate. These 
results together with the oxygen requirement of this system, 
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indicated that the phosphorylation accompanied the oxidation 
of the dye rather than its reduction. This conclusion was sup- 
ported by an independent line of evidence obtained through the 
use of the inhibitors DCMU and o-phenanthroline. 

Avron and Jagendorf (10) had found that cyclic photosynthetic 
phosphorylation with N-methyl phenazonium methosulfate as 
catalytic cofactor could proceed unimpaired at concentrations 
of 3-chlorophenyl]-1,1-dimethylurea or o-phenanthroline suffi- 
cient to suppress practically all trichlorophenol indophenol 
reduction by illuminated chloroplasts. This suggested the pos- 
sibility that amounts of inhibitor sufficient to suppress photo- 
reduction of the dye might still permit photophosphorylation pro- 
vided the dye was reduced by an external reducing agent. This 
line of reasoning proved to be correct. Inhibition of the phos- 
phorylation reaction by DCMU or by o-phenanthroline could 
be reversed by reducing the dye chemically with cysteine, gluta- 
thione, or ascorbic acid (1). It was not possible, however, to de- 
termine the stoichiometric relationship between the amount of 
reducing agent oxidized and the amount of phosphate esterified, 
because the chloroplast preparations caused a rapid photooxida- 
tion of these reducing agents, regardless of the presence or ab- 
sence of the components of the phosphorylation system. 

A search was made for a reagent which would reduce the dye 
but which was not rapidly photooxidized in the presence of illu- 
minated chloroplasts. Jagendorf had reported the presence in 
chloroplast preparations of enzymes which transfer electrons from 
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reduced pyridine nucleotides to indophenol (11). This observa- 
tion was confirmed and exploited. Either DPNH or TPNH 
could be employed to reverse the inhibitory effects of DCMU or 
o-phenanthroline on the photophosphorylation reaction. An ex- 
periment illustrating the maximal rates of phosphorylation 
achieved when DCMU inhibition of dye reduction was counter- 
acted by the addition of DPNH is shown in Fig. 8. The curves 
show the dual nature of the inhibition by DCMU. At lower 
concentrations of inhibitor the inhibition is completely reversible, 
but as the concentration of the inhibitor is increased, the effec- 
tiveness of the reducing agent diminishes until a concentration 
is reached at which the addition of dye-reducing substances will 
not restore phosphorylation. This is reminiscent of the results 
of Avron and Jagendorf (10) who found that higher concentra- 
tions of 3-chloropheny]-1 ,1-dimethyl urea were required to in- 
hibit cyclic photophosphorylation than to suppress photore- 
duction. It is also apparent from Fig. 8 that 1 umole of phos- 
phate is esterified for every 0.5 umole of DPNH added. Similar 
experiments with essentially identical results were performed in 
which o-phenanthroline at a concentration range between 10-5 
M and 10-‘ m was substituted for DCMU. 

Oxygen Requirement—Manometric techniques were used for 
measurement of the oxygen consumption of the system. Inas- 
much as the conventional conical Warburg flasks present a small 
surface area for illumination, it was necessary to prolong the time 
of incubation and increase the amount of reactants. 

Table II gives the data from an experiment in which both 
oxygen uptake and phosphate esterification were determined for 
each reaction mixture. The effectiveness of DCMU as an in- 
hibitor diminished if the DCMU was preincubated with the re- 
action mixture before illumination. To avoid this difficulty, the 
inhibitor was added from the side arm. 

With the complete reaction mixture, 4 umoles of ATP were 
synthesized and only slight gas uptake was observed. This 
probably reflects a Mehler reaction (12). The lack of significant 
net oxygen consumption was presumably due to the fact that an 
atom of oxygen was evolved per mole of dye reduced and then 
reabsorbed when the dye was reoxidized. When dye reduction 
was inhibited by o-phenanthroline or DCMU, no phosphate was 
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esterified nor was any oxygen consumed. When DPNH was 
added with the inhibitor, however, | ~ atom of oxygen was con- 
sumed and 2 uwmoles of phosphate were esterified per umole of 
DPNH added. If dye, phosphate, ADP, Mg, or light were 
omitted, oxygen consumption was unimpaired, although there 
was no phosphorylation. 

The experiment shown in Table II was one of four similar 
experiments, all of which gave equivalent results. The P:O ratio 
calculated from these experiments was close to 2. It is believed 
that this represents the best result that could be achieved with 
the techniques employed. Attention is called, nevertheless, to 
the fact that the total amounts of oxygen consumed were too 
small for accurate measurement. It is also not excluded that 
conditions might be discovered in which the oxygen consumption 
was dependent on the components of the phosphorylation system. 
This possibility requires further exploration. 

Effect of ‘“Uncoupling” Treatment on Oxidative Photosynthetic 
Phosphorylation—In a previous report, a treatment was described 
which uncouples the esterification of inorganic phosphate from 
ferricyanide reduction by illuminated chloroplasts (13). This 
treatment consists in diluting the chloroplast suspension in 0.35 
M NaCl of pH 6.2 to a final chlorophyll concentration of 0.01 
mg. per ml., after which the chloroplasts are recovered by cen- 
trifugation and resuspended in the isolation medium. Chloro- 
plasts thus treated are able to photoreduce ferricyanide in the 
absence of a phosphate acceptor system at a greatly increased 
rate, and their ability to synthesize ATP in the presence of an 
acceptor system is largely lost. The effect of this treatment on 
ferricyanide reduction and oxidative photophosphorylation is 
indicated in Table III. 

Inhibitors—Several reagents known to inhibit cyclic photo- 
phosphorylations and the stoichiometric phosphorylation accom- 
panying ferricyanide reduction were examined in the oxidative 
photosynthetic phosphorylation test system. Table IV lists the 
inhibitory compounds tested and the concentrations required for 


TaB_e II 
Determination of P:O ratio 

These assays were performed with conventional Warburg ap- 
paratus in the illuminated bath described under Experimental. 
The reaction mixture contained in wymoles: phosphate of pH 7.8, 
10; ADP, 5; MgCl., 30; Tris buffer of pH 7.8, 100; trichlorophenol 
indophenol, 1; chloroplasts containing 1 mg. of chlorophyll; in- 
hibitor and DPNH as indicated; and water to a final volume of 3 
ml. The inhibitor and DPNH were added from the side arm 
immediately before illumination. The flasks were equilibrated 
in the dark for 10 minutes and illuminated for 30 minutes, at which 
time both O, consumption and phosphate uptake had ceased. 
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TasBce III 
Effect of uncoupling treatment on oxidative photophosphorylation 
Phosphorylation assays were performed under the conditions 
of the standard assay. The figures represent umoles per mg. of 
chlorophyll per hour. 
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TaBLe IV 


Effect of inhibitors 
The assays were performed under the conditions of the standard 
assay system. 





Concentration for 50% inhibition 
Test compound of phosphorylation 





| Ee eee ree a 1.3 X 10° M 
NS soy hac35 vase decide 1.2 X 10° M 
Dinitrophenol sPley i 8.0 X 10°? m 
Oleic acid... er eat, i. 


5X 10°-*m 





50 per cent inhibition. Ammonium chloride and arsenate in- 
hibit oxidative photophosphorylation at approximately the same 
concentrations reported for the other types of photosynthetic 
phosphorylation (14). Similarly, dinitrophenol inhibition of 
oxidative photophosphorylation occurs at concentrations pre- 
viously reported for cyclic and stoichiometric phosphorylation as 
well as for the Hill reaction (14). Oleic acid, also reported as a 
potent inhibitor of the Hill reaction (15) likewise inhibited oxida- 
tive photophosphorylation. Potassium cyanide at concentra- 
tions up to 10-* m had no effect on this reaction. 

Other Factors—To test for the participation of soluble compo- 
nents in the oxidative photophosphorylation reaction, unwashed 
chloroplasts were compared with chloroplasts that had been 
washed four times in the sucrose-Tris-NaCl medium routinely 
used in these experiments. No significant difference in activity 
was observed between the two preparations. 

As an alternate electron donor, dichlorophenol indophenol was 
found to be 60 per cent as effective as trichlorophenol indophenol 
on a mole for mole basis. Methylene blue was completely in- 
active as a cofactor for this reaction. 

The components of the reduced cytochrome c photooxidase 
described by Nieman and Vennesland had no effect on this re- 
action nor had they any oxidative photophosphorylation activity 
in themselves (16). Also, catalase or catalase plus ethanol had 
no effect on the oxidative photophosphorylation reaction. 

DISCUSSION 

Two types of photophosphorylation have been described pre- 
viously (17). These may be differentiated for the purpose of 
this discussion as (a) “cyclic’’ photophosphorylation, and (6) 
photophosphorylation coupled to a Hill reaction — In both cases, 
the chemical events of the process have been pictured in terms 
of the initial generation of a reductant, XH, and an oxidant, 
YOH, formed as a result of the photolysis of water. The con- 


version of ADP and orthophosphate to ATP is then regarded as 
a consequence of an electron flow presumably occurring in the 
dark and associated with either (a) the reoxidation of XH by 
YOH, as mediated by a catalytic amount of a cofactor, or (6) 
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the reoxidation of XH by a Hill oxidant, accompanied by the 
regeneration of Y in a process whereby molecular oxygen is elim- 
inated. Both processes can be visualized in terms of the dia- 
gram shown in Fig. 9. 

There is a simple way in which oxygen might stimulate the 
photophosphorylation system diagrammed in Fig. 9. Suppose 
that a catalytic amount of riboflavin phosphate is used as a 
cofactor and that the slow, rate-limiting step in the cyclic photo- 
phosphorylation is the reoxidation of reduced riboflavin phos- 
phate by YOH. It is conceivable that reduced riboflavin phos- 
phate should first be formed by a Hill reaction coupled to a 
phosphorylation, and that the autoxidation of it by O2 would 
occur while YOH is converted to O2. This would constitute an 
0.-dependent photophosphorylation reaction which may be re- 
garded as a hybrid of the two types of photophosphorylation 
just described. It is not necessary to modify the scheme shown 
in Fig. 9 to explain such an oxygen effect. The stimulatory 
effects of O2 which Wessels (18) has described could possibly be 
attributed to this type of ‘‘mixed”’ reaction. Avron and Jagen- 
dorf (10) have presented this line of reasoning in a recent pub- 
lication and give supporting evidence for it. 

Since the photophosphorylation with trichlorophenol indo- 
phenol described in the present paper is dependent on oxygen, 
the question arises whether this dye system may not also be re- 
garded as a “mixed” reaction in which there occurs a photoreduc- 
tion of dye coupled to a phosphorylation, followed by oxidation 
of the dye by oxygen. The facts show, however, that this is 
definitely not the case. The photophosphorylation with the dye 
occurs when the reduced dye is oxidized and not during the photo- 
reduction of the dye. The dye is readily photoreduced, but 
without any coupled phosphorylation; and an increase in the 
concentration of reduced dye does not make the system inde- 
pendent of oxygen. 

Thus it is not possible to explain the oxidative photophos- 
phorylation with trichlorophenol indophenol in terms of the 
simple scheme shown in Fig. 9. An addition or an essential 
modification must be made in this picture. It is therefore ap- 
propriate to classify “oxidative” photophosphorylation as a dis- 
tinct reaction type, different from the two types of photophos- 
phorylation previously described. 

The problem now arises of how “oxidative” photophosphoryl- 
ation may be explained. This problem has not been solved, in 
the sense that the facts do not permit a definitive choice among 
a number of possible explanations. 

One group of possible explanations for ‘‘oxidative photophos- 
phorylation’”’ would invoke a different site of phosphorylation 
from that (or those) which operates with other cofactors or Hill 
reagents. Although this is a possibility, the facts which are 
pertinent suggest rather that the same site is operative in all the 
various types of photophosphorylation. Thus all the photo- 
phosphorylation reactions of spinach chloroplasts are sensitive to 
uncoupling by dilution of the chloroplasts at pH 6.2, all have 
about the same pH optimum, and all are similarly sensitive to 
arsenate, NHs, dinitrophenol, o-phenanthroline and DCMU. 
One difference, which is not striking, is the lower optimal ortho- 
phosphate concentration required by the oxidative photophos- 
phorylation system with indophenol. This may well mean, 
however, that a different step is rate-limiting, not that the phos- 
phorylation reaction is fundamentally different from cyclic pho- 
tophosphorylation. 

The unique features of oxidative photophosphorylation should 
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Fic. 9. The cyclic and stoichiometric photophosphorylation 
processes. In this diagram, no effort has been made to balance 
equations. The possibility that there are other phosphorylation 
sites than the one indicated is not regarded as excluded. 


probably be sought not in a different kind of phosphorylation 
reaction, but in the different manner in which the indophenol 
interacts with the oxidation-reduction compounds present in the 
chloroplast. It was previously postulated that trichlorophenol 
indophenol might be reduced at a site on the chloroplast electron 
transport chain different from the site of ferricyanide and TPN 
reduction (7). This seems to be the case inasmuch as phos- 
phorylation accompanies the reduction of ferricyanide and TPN 
but accompanies the oxidation of indophenol. In this connection 
it is also of interest, as pointed out by Witt et al. (19), that di- 
chlorophenol indophenol and some related dyes cause a large 
increase in the rate of a spectrophotometrically measured dark 
reaction which follows illumination of grana. This behavior is 
not exhibited by Hill reagents such as quinone and ferricyanide. 
This special behavior of dichlorophenol indophenol may have a 
relationship to the special characteristics which it exhibits in the 
photophosphorylating system. 

Perhaps the central question in connection with the mechanism 
of the “oxidative photophosphorylation”’ pertains to the identity 
of the energy source for the ATP formation. Under the con- 
ditions in which a P:O ratio of 2 was measured, there was ample 
energy released by the dark oxidation of the DPNH to form the 
high energy phosphate bonds. Nevertheless, the reaction gave 
no phosphorylation unless the system was illuminated, even 
though the light caused no increase in the rate of oxygen con- 
sumption. The relation is not known between the reactions in- 
duced by photon absorption and the reactions leading to oxygen 
consumption. Under these circumstances, it is well to reserve 
conclusions regarding the significance of the P:O ratio. 

The role of light in photophosphorylation reactions has hitherto 
been mainly visualized as being limited to the provision of re- 
ducing and oxidizing power from the products of the photolysis 
of water. Wessels (18), however, has suggested the involvement 
of a light-requiring step distinct from photolysis. In the exper- 
iments described here, light does not necessarily supply the re- 
ducing power for phosphorylation, and if O02 supplies the oxidizing 
power, there does not appear to be any need for the products of 
water photolysis. Perhaps the reduced dye serves as an electron 
donor for a phosphorylation reaction sequence activated by light 
with O2 as a terminal electron acceptor. Such a scheme demands 
the action of light for more than the photolysis of water. Per- 
haps, on the other hand, the reduced dye serves as a trap for the 
photolytically formed oxidant and allows the photolytice reduc- 
tant to reduce oxygen in a phosphorylating reaction sequence. 
This latter interpretation preserves the economy of one photo- 
chemical step. 
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It is not difficult to construct diagrams of the possible chem- 
ical reactions involved in such a way as to accommodate the 
experimental data and thereby “explain” oxidative photophos- 
phorylation; but this cannot be done without making a number 
of ad hoc assumptions as well as changes in or additions to the 
diagram shown in Fig. 9. We prefer to leave the question of 
mechanism open at this time. 


SUMMARY 


A reaction has been described in which illuminated spinach 
chloroplasts catalyze the synthesis of adenosine triphosphate 


Oxidative Photosynthetic Phosphorylation 


from adenosine diphosphate and inorganic phosphate in the pres- 
ence of 2,3’ ,6-trichlorophenol indophenol and oxygen. By the 
use of inhibitors to suppress selectively the reduction of the dye 
by the chloroplast, the stoichiometry of the phosphorylation re- 
action was ascertained. Per mole of reduced dye oxidized or 
per atom of oxygen consumed, 2 moles of adenosine triphosphate 
are synthesized. The reaction characteristics and inhibitor sus- 
ceptibility indicate that the phosphorylation step is very similar 
to or identical with that step in the other chloroplast phospho- 
rylation reactions. 
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Mammalian tissues contain two types of a-glycerophosphate 
dehydrogenases, a soluble diphosphopyridine nucleotide-linked 
enzyme (1) and a particulate enzyme which is linked to the 
respiratory chain and functions without the mediation of a readily 
dissociable coenzyme (2, 3). It is the latter type of dehydrogen- 
ase with which this paper is concerned. 

The enzyme was first studied systematically by Green (3) and 
has received little further attention except for the work of Tung 
et al. (4), who demonstrated that dihydroxyacetone phosphate 
was the reaction product. The enzyme has been extracted with 
the aid of bile salts (4), bile salts plus tryptic digestion (5) and 
with the aid of digitonin (6). Recently it has been obtained in 
true solution by digestion with phospholipase A (7). 

The present paper describes some general properties of the 
dehydrogenase from pig brain, its reactivity with various electron 
acceptors, including the respiratory chain, and examines the re- 
lationship of the enzyme to other cytochrome-linked dehydrogen- 
ases in mitochondria. 


EXPERIMENTAL 


Materials and Methods 


Pig brain mitochondria were isolated by a slight modification 
of the method of Brody and Bain (8). The soluble enzyme was 
prepared as reported previously (7). A detailed account of this 
procedure will be reported subsequently.!| a-Glycero-P was 
purchased from the Eastern Chemical Company and contained 
about 31 per cent of the a-L-isomer as determined by total O, 
uptake in the presence of a limiting amount (3 to 6 umoles) of 
substrate and a very large excess of the enzyme. The sources of 
the electron acceptors were as in previous studies (9). Anti- 
mycin A was obtained from Kyowa Fermentation Industries 
Company, Ltd., Japan, and QO? was the kind gift of Dr. Henry 
Mahler. DHAP was purchased from the California Corpora- 
tion for Biochemical Research, crystalline DPN-linked a-glycero- 


*Supported by grants from the National Heart Institute, 
United States Public Health Service, and the American Heart 
Association, and by a contract (Nonr 1656(00)) between the Office 
of Naval Research and the Edsel B. Ford Institute for Medical 
Research. 

+ Established Investigator of the American Heart Association. 
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2 The abbreviations used are: DHAP, dihydroxyacetone phos- 
phate; QO, 2-n-heptyl-4-hydroxyquinoline N-oxide; Tris, tris- 
(hydroxymethyl)aminomethane. 
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P dehydrogenase from C. F. Boehringer and Soehne, West Ger- 
many, and cytochrome c from the Sigma Chemical Company. 

Routine assays of the a-glycero-P dehydrogenase were per- 
formed by the phenazine methosulfate method (9), with 0.5 mg. 
of dye per ml. in the presence of 5 X 10-* m phosphate, pH 7.6, 
10-* m cyanide, and 1.6 X 10-? m a-L-glycero-P at 38°, unless 
otherwise indicated. All components except the dye were in 
the main compartment of the Warburg vessels. After suitable 
temperature equilibration, the contents of the side arm were 
tipped and the manometric changes for the period from 2 to 7 
minutes after tipping were recorded. When very precise activity 
determinations were required, the dye concentration was varied 
and the results were expressed as Vinax by the double reciprocal 
plot method. The assays with methylene blue as electron 
acceptor were performed by the same procedure in the presence 
of 2 X 10-* m dye, except that phosphate buffer, pH 7.9, was used. 

The manometric ferricyanide assay was also patterned after 
the method used for succinic dehydrogenase (9, 10). The assays 
were performed in the presence of 6.7 x 10-? m bicarbonate, 
1.6 X 10°? Mm a-t-glycero-P, and 6 mg. of serum albumin as a 
protective protein. Ferricyanide, together with sufficient bi- 
carbonate to make the concentration equal to that in the main 
compartment, was contained in the side arm of the Warburg 
vessels. After gassing with 95 per cent N»-5 per cent CO, and 
temperature equilibration, the contents of the side arm were 
tipped and the manometric changes were recorded for the period 
from 2 to 7 minutes after tipping. Since in the ferricyanide assay 
the measured activity varies considerably with the concentration 
of electron acceptor, the assays were routinely performed at a 
series of dye concentrations and the V,,.. was calculated. 

In the manometric assay of a-glycero-P oxidase (oxidation via 
the complete respiratory chain) the reaction mixture used was 
the same as in the phenazine methosulfate assay, except for the 
addition of 1.25 mg. of cytochrome c per 3 ml. total volume and 
the omission of cyanide and phenazine methosulfate. The mito- 
chondria, suspended in 0.25 m sucrose and phosphate buffer, 
were contained in the side arm of the Warburg vessels and the 
manometric changes were recorded for a period of about 20 
minutes. The activity was calculated from the linear portion of 
the rate curve. The a-glycero-P dehydrogenase-cytochrome c 
reaction was measured by following the rate of reduction of added 
cytochrome c spectrophotometrically at 550 mu on a Process and 
Instruments Company recording spectrophotometer, model RS-3, 
in the presence of 10-* m cyanide, 5 X 10-* m phosphate, pH 7.6, 
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TaB_LeE I 
Reaction rates of a-glycerophosphate dehydrogenase with 
various electron acceptors 

Conditions: Pig brain mitochondria prepared with 0.25 m su- 
crose, Qo, = 170 to 243 in the phenazine methosulfate assay at 38°, 
pH 7.6; a--glycero-P, 1.6 X 10-? M; buffer, 5 X 10-2 m phosphate, 
pH 7.6, except in the methylene blue assay where pH 7.9 was used 
and in the ferricyanide assay where 6.7 X 10-? m bicarbonate in 
equilibrium with 5 per cent CO» was used. Cyanide (1 X 10-3 m) 
was present in all assays except where ferricyanide or O2 was the 
electron acceptor. The cytochrome c assay was spectrophoto- 
metric at 25°, and compared with phenazine methosulfate assays 
at the same temperature. Other assays were manometric at 38°. 
All rates are Vinax values based on initial reaction rates and were 
calculated as moles of substrate removed per unit time. 




















Electron acceptor 
: | | : 
nesaae Phenazne| Methyl- Ferri- Cyto- — 
fate | ene blue | cyanide | chrome c cyto- 
| chrome c) 
Pig brain mitochon- | | 
| hte lll RE ih 100 | 54 | 103 65 63 
Acetone powder | 
brain mitochon- 
LS Re ee ese 100 58 0 0 
Soluble preparation.| 100 | 66 | 71 0 0 








1.6 X 10°? M a-L-glycero-P, and varying amounts of cytochrome 
c. All determinations of succinic dehydrogenase activity were 
as described previously (9). 

DHAP was determined spectrophotometrically with the aid 
of crystalline DPN-linked a-glycero-P dehydrogenase (11) and 
fumarate manometrically with the aid of fumarase and the “malic 
enzyme” from Lactobacillus arabinosus (12). 

Protein was measured by the biuret method (13), with a coeffi- 
cient of 0.095 for 1 mg. of protein in 3 ml. of volume, 1 em. light 
path at 540 my. Particulate suspensions were clarified by means 
of deoxycholate prior to protein determination. Nitrogen deter- 
minations were made by the micro-Kjeldahl method. 


RESULTS 


Electron Acceptor Specificity—The relative reaction rates of 
a-glycero-P dehydrogenase with various electron acceptors are 


TaBLe II 
Stimulation of a-glycerophosphate oxidase and succinic oxidase 
activity of pig brain mitochondria by cytochrome c 

Reaction carried out in conventional Warburg apparatus at 38° 
in the presence of 5 X 10-2 m phosphate, pH 7.6; 2 X 10-2 m suc- 
cinate or 1.6 X 10°? M a-L-glycero-P, and cytochrome c as indi- 
eated. Pig brain mitochondria, 0.3 ml., (3.85 mg. N/ml.) used 
for succinic oxidase assays and 0.5 ml. used for a-glycero-P oxidase 
assays in a total volume of 3 ml. 











Cytochrome ¢ added a-glycero-P oxidase activity | Succinic oxidase activity 
mg./3 ml. pl. Onfusta.jane. N pl. O2/min./mg. N 
0 2.09 4.28 
0.25 4.41 11.0 
0.5 4.91 11.0 
1.25 4.91 10.5 
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summarized in Table I. While phenazine methosulfate is clearly 
the preferred electron acceptor for the assay of the dehydrogen- 
ase, as has also been found with a-glycero-P dehydrogenase from 
skeletal muscle and yeast* and with other cytochrome-linked 
dehydrogenases from mitochondria (14, 15), ferricyanide and 
methylene blue react with the dehydrogenase at satisfactory 
rates even after its extraction in soluble form. In this respect, 
a-glycero-P dehydrogenase differs from the otherwise closely 
related enzymes succinic and choline dehydrogenases. The 
latter react relatively poorly with methylene blue and ferri- 
cyanide even in respiratory chain preparations and, after extrac- 
tion in soluble form, methylene blue no longer reacts with them 
at a significant rate. In contrast, a-glycero-P dehydrogenase is 
at least as reactive toward methylene blue in soluble as in particu- 
late preparations. The extraction of choline dehydrogenase 
results in a complete loss of its reactivity toward ferricyanide 
(14), apparently as a result of the separation of an unidentified 
factor (16), and the separation of succinic dehydrogenase from 
the respiratory chain results in a 70 per cent loss of reactivity 
toward ferricyanide (17), possibly because one of the reaction 
sites of ferricyanide in succinic oxidase preparations is at or near 
cytochrome c (18). A smaller but significant loss of reactivity 
toward ferricyanide also accompanies the extraction of a-glycero- 
P dehydrogenase in soluble form (Table I). This is not due to 
differences in the apparent affinity of the dehydrogenase for 
ferricyanide in particulate and soluble systems, nor to differences 
in the degree of inhibition of the enzyme by high ferricyanide 
concentrations, since the data in Table I are Vmax values. If 
the decreased activity of soluble a-glycero-P dehydrogenase 
toward ferricyanide is due to the loss of a second reaction site, 
the latter could not be far removed from the primary dehydro- 
genase, since the a-glycero-P-ferricyanide reaction in cyto- 
chrome-deficient mitochondria is not stimulated by added cyto- 
chrome ¢, nor is it inhibited by antimycin A at concentrations 
which completely inhibit a-glycero-P oxidation via the entire 
respiratory chain. 

a-Glycero-P oxidation via the complete respiratory chain is 
stimulated some 150 per cent by added cytochrome c (Table I). 
The increase in succinic oxidase activity by cytochrome c in 
these preparations is of a very similar order of magnitude. The 
significance of this observation will be discussed. 

Since the measured velocity in the a-glycero-P-ferricyanide 
reaction varies greatly with the concentration of the oxidant and 
since the latter is inhibitory at high concentrations, reliable 
assays with this acceptor must be based on V max values (Fig. 1). 
In contrast, the measured activity varies relatively little with 
dye concentration when phenazine methosulfate or methylene 
blue is used as the electron acceptor (Fig. 1). 

Effect of pH on Activity—The pH optima in the phenazine 
methosulfate and methylene blue assays in phosphate and Tris 
buffer at 38° are shown in Fig. 2. The pH optimum in phosphate 
buffer is 7.5 to 7.7 in the phenazine methosulfate assay and 7.8 
to 8.0 in the methylene blue assay. In Tris buffer the optimal 
pH range is somewhat broader than in the phosphate buffer and 
is about 0.5 pH unit higher. The findings with methylene blue 
differ from those reported by Green (3) in that the a-glycero-P 
dehydrogenase of rabbit skeletal muscle showed only a slight 
change in activity with pH in the range of pH 7 to 10. 

Effect of Substrate Concentration—In the phenazine methosul- 


3 R. L. Ringler and T. P. Singer, unpublished observations. 
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fate assay at 38°, pH 7.6, the A,, of the soluble enzyme for a- 
t-glycero-P is 9.5 X 10-* m (Fig. 3) and, unlike the enzyme from 
insect flight muscle (19), it is competitively inhibited by DHAP, 
K; = 18 X 10-4 M at 38°, pH 7.6. 

Attempts to Demonstrate Reversibility—Biicher et al. (20, 21) 
and also Estabrook and Sacktor (19) have emphasized the pos- 
sible existence of an “a-glycero-P-cycle” in insect flight muscle. 
In this tissue the DPN-linked a-glycero-P dehydrogenase, an 
extramitochondrial enzyme, is poised for the reduction of DHAP 
and the cytochrome-linked a-glycero-P dehydrogenase, an intra- 
mitochondrial enzyme, for a-glycero-P oxidation (19). Since 
intact mitochondria are presumably not permeable to pyridine 
nucleotides but are freely permeable to a-glycero-P and DHAP 
(20), the summation of the two reactions would provide for a 
conservation of the energy derived from extramitochondrial 
DPN-linked oxidations by the cyclic reduction of DHAP by 
DPNH outside the mitochondria and the intramitochondrial 
reoxidation of the a-glycero-P formed by the cytochrome-linked 
a-glycero-P dehydrogenase. Such a cycle might be particularly 
important in insect flight muscle since the level of lactic dehydro- 
genase activity is extremely low in this tissue (20). 

At neutral pH the mammalian DPN-linked a-glycero-P de- 
hydrogenase also favors DHAP reduction (11). It was there- 
fore of interest to examine whether the action of the a-glycero-P 
dehydrogenase from brain is readily reversible. Attempts to 
demonstrate the reduction of DHAP, with sensitive assay tech- 
niques with large amounts of the soluble enzyme under anaerobic 
conditions, gave negative results. The electron donors tested 
included reduced flavin mononucleotide, leucobenzylviologen, 
and leucomethylviologen, all of which are satisfactory electron 
donors for the reduction of fumarate by mammalian or yeast 
succinic dehydrogenase (15). 

Relation of a-Glycero-P Dehydrogenase to Respiratory Chain— 
Since Green’s (3) observation that particulate a-glycero-P dehy- 
drogenase was a cytochrome-reducing dehydrogenase, the nature 
of its respiratory chain has been of interest. Reasoning from 
their failure to reconstitute an interaction between bile salt prep- 
arations of cytochrome b from heart and of a-glycero-P dehydro- 
genase from brain, Ling et al. (5) have suggested that, unlike 
succinic oxidase, the a-glycero-P oxidase chain does not include 
cytochrome b. However, as has been noted elsewhere (15), 
purified succinie dehydrogenase also fails to reduce such prep- 
arations of cytochrome 6 on simple mixing of the two enzymes. 
More recently, Packer* has, in fact, demonstrated the rapid 
reduction of cytochrome b by a-glycero-P in brain mitochondria, 
and Biicher and Klingenberg (20), with the use of liver mito- 
chondria treated with Amytal to inhibit the oxidation by DPN- 
linked enzymes, have shown that a-glycero-P reduces cytochrome 
b in the steady state and all members of the respiratory chain in 
anaerobiosis. Therefore, if a-glycero-P oxidase includes the usual 
cytochrome components of the mitochondrial respiratory chain, 
it would be expected to react with respiratory chain inhibitors 
at least qualitatively in the same way as does succinic oxidase. 
When examining the action of respiratory chain inhibitors on the 
oxidation of a-glycero-P, it was of interest to compare the effects 
on succinic oxidase in the same preparation, since such an ap- 
proach might be expected to provide an insight into the question 
as to whether the two dehydrogenases are linked to a common 
respiratory chain. The inhibition of the two enzyme systems 


‘Dr. Lester Packer, personal communication. 
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Fic. 1. Comparison of electron acceptors in the assay of a sol- 
uble preparation of a-glycerophosphate dehydrogenase. Ab- 
scissa, reciprocal dye concentration: Ordinate, reciprocal activity 
(ul. O2 per 5 minutes or ul.(CO2/2) per 5 minutes for ferricyanide, 
at 38°). O——O, phenazine methosulfate; x——X, methylene 


blue; @——®, ferricyanide. Conditions as in Table I but with 
0.1 ml. of enzyme (16.3 mg. protein per ml.). 
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Fic. 2. pH optimum of a-glycerophosphate dehydrogenase. A, 
phenazine methosulfate assay: O——O, phosphate buffer; 
x——x, Tris buffer. B, methylene blue assay: O——O, phos- 
phate buffer, X——X, Tris buffer. Assays at 38°, with conven- 
tional Warburg apparatus, in the presence of 150 wmoles of the 
buffer indicated; 48|uzmoles of a-L-glycerophosphate; 3 umoles of 
cyanide; 1.5 mg. of phenazine methosulfate or 5 wmoles of methy!- 
ene blue, as indicated; and 16 mg. of pig brain acetone powder in 
0.8 ml. of 0.03 m phosphate, pH 7.6, in a total reaction volume of 
3 ml. pH determined on vessel contents at 22°. 





2214 





006 


<|— 


004 


002 











1 i. 


40 
2 





l 
2.0 
+ x 10 


Fia. 3. Variation of activity with a-glycerophosphate concen- 
tration. Abscissa, reciprocal molarity of a-L-glycerophosphate, 
average concentration during assay; ordinate, reciprocal velocity 
in wl. per 5 minutes. Conditions: phenazine methosulfate assay 
at 38°, pH 7.6; soluble enzyme, 0.82 mg. of protein per vessel. 


TaBLeE III 


Inhibition of a-glycerophosphate oxidase and succinic 
oxidase by antimycin A 
Reaction carried out in conventional Warburg vessels at 38° in 
the presence of 0.05 m phosphate, pH 7.6, 0.5 mg. of cytochrome 
c, 0.3 ml. of pig brain mitochondria (28.4 mg. protein/ml.) ; a-glyc- 
ero-P (1.6 X 10°? M) or succinate (2 X 10°? m), and antimycin A 
as indicated, in a total volume of 3 ml. 





Inhibition 





Concentration of inhibitor | 
| 


a-glycero-P oxidase | Succinic oxidase 
| 





ug. antimycin A/mg. protein % % 
1.3 XK 10°? 26 10 
2.6 X 10°? 100 86 
6.5 X 10°? | 100 100 





by antimycin A is shown in Table III and by QO in Fig. 4. 
Since in the oxidation of succinate both of these inhibitors inter- 
cept electrons between the primary dehydrogenase and cyto- 
chrome ¢, (22, 23) and presumably immediately before their 
transfer to cytochrome «, the very similar pattern of inhibition 
of the two oxidases suggests that either the site of inhibition is a 
component which can accept electrons from either dehydrogenase 
(i.e. that at least a part of the cytochrome chain is a common one 
for the two oxidases) or that, although each dehydrogenase is 
linked to its own separate respiratory chain, the antimycin A 
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and QO sensitive components in the two chains are very similar 
in their properties. If the former premise is true, it would mean 
that the two oxidases were structurally, as well as functionally, 
interrelated as an enzymatic unit from a position before cyto- 
chrome c; to oxygen. 

In an attempt to explore these alternatives, the rate of reduc- 
tion of cytochrome c by brain mitochondria was measured in the 
presence of a-glycero-P, succinate, and a-glycero-P plus suc- 
cinate, with each substrate and cytochrome c present in excess. 
The results, reproduced in Fig. 5, show a clear-cut competition 
between the two systems. The mutual competition observed 
here is in direct contrast to the additive rates obtained when the 
experiment was performed with an electron acceptor which reacts 
with each primary dehydrogenase such as phenazine meth- 
osulfate (Table IV). 

The mutually competitive inhibition of a-glycero-P and suc- 
cinic oxidases may also be demonstrated when Oz serves as the 
terminal acceptor. In the experiment summarized in Table V 
both the oxygen consumption and the products formed were 
determined. The competition of the two systems for a common 
electron acceptor is evident. 

A noteworthy feature of both this experiment and of the one 
shown in Fig. 5 is that the extent of inhibition of succinate oxida- 
tion in the presence of a-glycero-P cannot be accounted for in 
terms of O2 or ferricytochrome c utilized for a-glycero-P oxida- 
tion. In other words, in the presence of both substrates the rate 
is less than with succinate alone. This observation cannot be 
explained as a straightforward inhibition of succinic dehydro- 
genase by a-glycero-P, since in assays of the primary dehydro- 
genases (Table IV) in an identical preparation no such inhibition 
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Fig. 4. The inhibition of a-glycerophosphate oxidase and suc- 
cinic oxidase by 2-n-heptyl-4-hydroxyquinoline N-oxide. Reac- 
tion carried out in conventional Warburg apparatus at 38° in the 
presence of 0.05 m phosphate, pH 7.6; 1.25 mg. cytochrome c, 0.2 
ml. (a-glycerophosphate oxidase assays) or 0.15 ml. (succinic 
oxidase assays) of pig brain mitochondria (26.5 mg. of protein per 
ml.) ; a-glycerophosphate (1.6 X 10-2 Mm) or succinate (2 X 10-2 M) 
and QO, in 0.03 m phosphate, pH 8.5, as indicated. In addition, 
each vessel contained sufficient 0.03 m phosphate, pH 8.5, to make 
the total volume of the buffer 0.8 ml. O——O, a-glycerophos- 


phate oxidase; A——A, succinic oxidase. 
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Fic. 5. Mutual interference between succinate- and a-glycero- 
phosphate (a-GP)-cytochrome c reductases in brain mitochondria. 
The experiment was performed with the recording spectrophotom- 
eter at 25°. Each cuvette contained 0.05 m phosphate, pH 7.6; 
10- m cyanide; and 0.05 ml. of pig brain mitochondria (2.1 mg. 
of protein) in a total volume of 3 ml. Succinate (succ.) (2.7 X 
10-? m) and a-glycerophosphate (2.1 X 10-* m) present where indi- 
cated. After 10 minutes preincubation, to assure activation of 
both enzymes, 2.5 mg. of cytochrome c were added to start the 
reaction. 
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TaBie IV 


Noninterference between succinic and a-glycerophosphate 
dehydrogenase activities in phenazine methosulfate assay 
Activities determined by the phenazine methosulfate assay at 
38° with succinate (2.7 X 10-2 m) and a-glycero-P (2.1 K 10-? m) 
present where indicated and 0.04 ml. (succinic dehydrogenase 
assays), 0.05 ml. (a-glycero-P dehydrogenase assays), or 0.03 ml. 
(succinic plus a-glycero-P dehydrogenase assays) of pig brain 
mitochondria (25.9 mg. protein/ml.). 





Substrate Activity 





pl. O2/5 min./mg. protein 


SN is gobiias hase act weeks s 35.5 
eS A 16.7 
Succinate + a-glycero-P............| 48.0 





was manifest. It would appear that the formation of an enzyme- 
substrate compound between a-glycero-P dehydrogenase and its 
substrate (or the reduction of the dehydrogenase by its sub- 
strate) somehow interferes with the passage of electrons from 
succinic dehydrogenase to cytochrome b and this, in turn, 
strongly suggests that a common component accepts electrons 
from both a-glycero-P and succinic dehydrogenases, possibly 
cytochrome 6 itself. 

Further evidence that the two dehydrogenases feed electrons 
into a common respiratory chain and that the branching of the 
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TABLE V 


Mutual interference of succinic and a-glycerophosphate 
oxidases in pig brain mitochondria 


Reaction carried out in conventional Warburg apparatus in the 
presence of 0.05 m phosphate, pH 7.6, 2.0 mg. of cytochrome c, 
0.15 ml. of mitochondria (5.8 mg. protein) in a total volume of 3 
ml. at 38°. Succinate (3.3 X 10-2? Mm) and a-glycero-P (2.7 X 10°? 
M) present where indicated. The reactions were stopped after 21 
minutes with perchloric acid and the products were determined 
as outlined under ‘‘Materials and Methods.”’ 























Products formed 
Substrate — - 
DHAP Fumarate 
patoms pmoles pmoles 
a-Glycero-P.......... Vi 4.0 4.8 
BOOCIMALE. «. .. oo 6cknss ope 15.0 16.5 
Succinate + a-glycero-P...... 13.8 3.3 8.4 





chain occurs close to the oxidation level of the dehydrogenases 
came from studies on the a-glycero-P-fumarate interaction in 
brain mitochondria under anaerobic conditions. Anaerobically, 
in the presence of antimycin A, no DHAP was formed from a- 
glycero-P, but when fumarate was also present the coupled oxida- 
tion of a-glycero-P was readily demonstrable (Fig. 6). Although 
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Fic. 6. Coupling of a-glycerophosphate oxidation to fumarate 
reduction by antimycin A-inhibited brain mitochondria. The re- 
action was carried out in conventional Warburg apparatus at 38°. 
Each vessel contained 150 umoles of phosphate, pH 7.6; 155 umoles 
of a-glycerophosphate; 0.4 ml. of brain mitochondria (10.4 mg. of 
protein); and 2 X 10~* wmoles of antimycin A in a total volume of 
3 ml. 200 wmoles of fumarate present as indicated. The reaction 
was started by tipping in the mitochondria and antimycin A from 
one side arm and stopped by tipping in 0.1 ml. of 30 per cent HCIO, 
from a second side arm. Nitrogen was passed through the vessels 
before starting the reaction. DHAP was determined in the de- 
proteinized reaction mixture, as outlined under ‘“‘Experimental.’’ 
O——O, fumarate present; A——A, fumarate absent. The sym- 
bol uM on the ordinate denotes micromoles. 
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the rate was only 2 per cent of the rate of aerobic oxidation of 
a-glycero-P, it compares very favorably with that reported for 
the DPNH-fumarate interaction in heart particles (24), a system 
wherein the operation of a common respiratory chain, at least 
from cytochrome ¢; to Oz, now appears quite probable (25, 26). 
Since antimycin A prevents the reoxidation of reduced cyto- 
chrome b by cytochrome ¢; (23), this experiment suggests that 
the point of interaction between a-glycero-P and succinic oxidases 
is at the level of cytochrome b but leaves open the question 
whether cytochrome 6 itself is a common component of the two 
chains. 

As to the nature of the linkage of a-glycero-P dehydrogenase 
to the cytochrome chain the participation of a phospholipid 
bridge is strongly suggested since phospholipase A is the only 
agent hitherto discovered for the extraction of a-glycero-P dehy- 
drogenase from brain mitochondria in true solution (7). In this 
connection a number of other phospholipases, as well as a general 
lipase, have been assayed for their ability to solubilize the dehy- 
drogenase without success. It therefore appears that the extrac- 
tion of the dehydrogenase in soluble form requires a rather 
exacting specificity. The details of the extraction and partial 
purification of the dehydrogenase will be described in a subse- 
quent paper. 


DISCUSSION 


The data presented on the effect of respiratory chain inhibitors 
on a-glycero-P oxidation, the identical stimulation of a-glycero-P 
and of succinate oxidation by cytochrome c in cytochrome-defi- 
cient mitochondria, and the mutually competitive inhibition of 
succinic and a-glycero-P oxidases, added to the evidence in the 
literature (3, 20), strongly suggest that mammalian a-glycero-P 
dehydrogenase is linked to O2 by way of the classical respiratory 
chain. The experiments cited and the demonstration of an 
antimycin A insensitive a-glycero-P-fumarate reaction further 
suggest that either a common respiratory chain serves succinic 
and a-glycero-P dehydrogenases, at least between cytochrome b 
and Oz, or that if the two enzymes are linked to separate cyto- 
chrome chains, the components must be very similar in sensitivity 
to inhibitors and a crossover must occur between the chains in 
the course of normal electron transport. 

The question of whether mitochondria are compartmentalized 
into separate respiratory chains serving the individual cyto- 
chrome-reducing dehydrogenases or whether a generalized respir- 
atory chain exists to which all or most of these dehydrogenases 
are structurally and functionally linked has been an open and 
much debated one. As a result of his investigations of the 
electron transport system of heart mitochondria, Green (27) 
believed for a long time that separate and unique cytochrome 
chains exist for the succinic and DPNH systems respectively. 
This view was based on the possibility of preparing all or parts 
of the DPNH oxidase chain essentially devoid of succinic dehy- 
drogenase activity and vice versa. At no time, however, were 
conditions elaborated for the simultaneous separation of both 
systems in active form. Thus the results could be readily ex- 
plained by the separation of one of the two dehydrogenases from 
a double-headed respiratory chain. More recently Green and 


Jarnefelt (26) have, in fact, concluded that the two enzyme 
systems feed into a common respiratory chain from cytochrome 
ci on. 

On the other hand, the studies of Chance (28) have shown that 
in mitochondrial preparations, including heart, succinate as well 
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as DPN -linked substrates reduce all the known members of 
the respiratory chain completely, or almost completely, under 
anaerobic conditions. While at first it may appear that the 
entire cytochrome content of the mitochondrion is available to 
either reducing system, such a conclusion may not be entirely 
justified. It might be argued that once the O2 is exhausted by 
a rapidly oxidized substrate in a spectrophotometric experiment, 
the traces of other substrates still present in the usual mito- 
chondrial preparation may suffice to reduce the cytochrome com- 
ponents attached to their respective dehydrogenases. The 
eventual result would be the complete reduction of all spectro- 
photometrically identifiable members of the respiratory chain in 
either case. 

The approach used in this investigation would seem to be free 
from these objections and its application suggests that, at least 
in brain mitochondria, a-glycero-P and succinic dehydrogenases 
are structurally and functionally interlinked. It is, however, not 
an entirely novel approach. After the publication of their 
preliminary note (29), the authors noted an earlier paper by Wu 
and Tsou (30), which had been unavailable to them. In their 
investigation of the interrelation of DPNH and succinic dehydro- 
genases in heart muscle preparations, the Chinese workers utilized 
very similar methods and have arrived at the conclusion that a 
common respiratory chain serves both enzymes. The approach 
may be, therefore, of general usefulness in studies on the interrela- 
tions of multienzyme systems. 


SUMMARY 


1. The assay of mitochondrial a-glycerophosphate (a-glycero- 
P) dehydrogenase activity in brain mitochondria and in a soluble 
preparation, obtained by the digestion of mitochondrial prep- 
arations with phospholipase A, has been described. 

2. As with other respiratory chain-linked dehydrogenases, 
phenazine methosulfate is the preferred electron acceptor for 
particulate as well as soluble, purified preparations of a-glycero-P 
dehydrogenase from animal tissues and yeast. Unlike related 
enzymes, a-glycero-P dehydrogenase from brain also reacts 
satisfactorily with methylene blue and ferricyanide, but extrac- 
tion of the enzyme in soluble form causes some loss of reactivity 
toward the latter acceptor. 

3. The pH optima of the dehydrogenase in various buffers, 
the K,, for a-L-glycero-P and the K; for dihydroxyacetone phos- 
phate have been determined. 

4. In brain mitochondria a competition exists between succinic 
and a-glycero-P dehydrogenases for a common respiratory chain, 
which may be demonstrated with either O2 or cytochrome ¢ 
as terminal electron acceptor. 

5. A coupled oxidation-reduction between a-glycero-P and 
fumarate has been demonstrated in brain mitochondria under 
anaerobic conditions. 

6. Titration of the succinic and a-glycero-P oxidase activities 
of brain mitochondria with antimycin A or 2-n-hepty]l-4-hydroxy- 
quinoline N-oxide results in very similar inhibitions of the two 
systems at any given concentration of the inhibitor. 

7. The results have been interpreted as suggesting the existence 
of a common respiratory chain to which both dehydrogenases are 
attached. 


Acknowledgment—The authors wish to acknowledge the tech- 
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